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Abstract: These lectures from the TASI 2012 summer school outline the basics of supersymmetry
(SUSY) in 3+1 dimensions. Starting from a ground-up development of superspace, we develop all of
the tools necessary to construct SUSY lagrangians. While aimed at an introductory level, these lectures
incorporate a number of “super-tricks” for SUSY aficionados, including SUSY-covariant derivatives,
equations of motion in superspace, background field methods, and non-linear realizations of goldstinos.
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1 Introduction
Supersymmetry (SUSY) is a well-motivated extension of the Standard Model (SM), with rich impli-
cations for collider physics and cosmology. This, however, will not be the topic of these lectures. At
TASI 2012, Pierce and Papucci went into considerable depth on topics of direct phenomenological
relevance, including the Minimal SUSY SM (MSSM), SUSY at colliders, and aspects of SUSY model
building. Instead, the goal of these lectures is to introduce the basics of SUSY in 3+1 dimensions using
the language of superspace [1, 2], an essential tool for any serious student of SUSY. In addition, these
lectures will present a number of super-tricks which we have found useful in our own SUSY research.
In general, the role of symmetries is to relate the properties of different physical states. This is so
familiar that we often forget how important it is. For example, an electron moving in the y-direction
is distinct from an electron moving in the z-direction, and only because of rotational symmetry can we
describe both modes in terms of a common electron field. Relativistic quantum field theory exhibits
the full Poincare´ symmetry, which relates particles traveling with different momenta and joins particles
and antiparticles into a common multiplet. By packaging all of the electron creation and annihilation
operators into a single quantum field Ψ(x) that lives in space-time, we make the Poincare´ symmetry
manifest.
The amazing feature of SUSY is that it relates the properties of bosons and fermions. For example,
a spin-1/2 fermionic quark field in the SM could have a spin-0 bosonic “squark” superpartner with the
same gauge quantum numbers but different spin-statistics. While it is possible to describe quarks and
squarks as separate quantum fields with couplings related by SUSY, it is more convenient to describe
them as components of a common SUSY multiplet. Superspace introduces an auxiliary fermionic
coordinate θ (and its complex conjugate θ) such that bosonic and fermionic degrees of freedom can be
packaged into a single superfield Φ(x, θ, θ), extending space-time to make SUSY manifest.
Whether or not SUSY is actually realized in nature, there are a variety of reasons one might
want to relate the properties of bosons and fermions. For physics beyond the SM, SUSY can be
used to regulate quantum corrections to the spin-0 Higgs potential. The mass parameter for a spin-
1/2 fermion is always protected by a chiral symmetry, whereas the mass parameter for a generic
spin-0 boson is quadratically sensitive to high-scale physics. When spin-1/2 and spin-0 fields are
part of the same SUSY multiplet, the spin-0 boson inherits the spin-1/2 chiral mass protection. For
understanding generic features of quantum field theories, SUSY theories have powerful constraints
like holomorphy that make it possible to robustly predict the properties of theories even at strong
coupling. Even for weakly-coupled theories, SUSY relates complicated calculations involving fermions
to simpler calculations involving scalars.
Beyond the intrinsic motivations for SUSY, these lectures will emphasize how superspace simplifies
the construction and manipulation of SUSY lagrangians. As we will see, the structure of N = 1 SUSY
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can be largely understood from the transformation properties of the superspace coordinates θ and θ.
We will briefly touch on supergravity (SUGRA) as well.
1.1 About These Lectures
These lecture notes mimic the original four TASI 2012 lectures, but with some embellishments and
corrections compared to what you can find on the online videos. The topics covered are:
• Introducing Superspace.
• Fermions and Sfermions.
• SUSY Gauge Theories.
• SUSY Breaking and Goldstinos.
For the aficionados, each lecture will feature one super-trick, namely, a technique that can be explained
at the introductory level but often features prominently in advanced SUSY research. These tricks are:
• #1: SUSY-covariant derivatives. (Sec. 2.8)
• #2: Equations of motion in superspace. (Sec. 3.7)
• #3: Background field methods. (Sec. 4.6)
• #4: Non-linear goldstino multiplets. (Sec. 5.8)
Of course, superspace itself is the real super-trick, and we hope these lecture notes will help both
beginning and advanced students gain familiarity and dexterity with superspace methods.
While writing these lecture notes, we relied on a number of helpful SUSY references, including
Wess & Bagger [3], Martin’s Supersymmetry Primer [4], Terning’s Modern Supersymmetry [5], Luty’s
2004 TASI lecture notes [6], and the notes of Dumitrescu and Komargodski [7]. We have also found
Refs. [8–15] to be helpful SUSY resources. Unfortunately, each of these references uses a different set
of conventions (and the three of us have our own differing preferences on factors of −1, i, 2, and √2),
but we have tried to make these notes self-consistent.
Compared to standard treatments of SUSY, these lectures are more “ground-up”. Instead of
starting with the SUSY algebra, we start with the task of simply trying to put bosons and fermions
into multiplets. We take the point of view that SUSY should be thought of in the context of effective
lagrangians, so we make an effort to point out important dimension-5 and dimension-6 interactions
that are generically present. When talking about SUSY breaking, instead of talking about specific
SUSY-breaking models, we focus on the special role of the goldstino.
As a disclaimer, here are some topics that we will not tell you about in these lectures. We will not
tell you how SUSY can solve the gauge hierarchy problem.1 We will not tell you how SUSY naturally
furnishes a dark matter candidate.2 We will not discuss the phenomenology of the MSSM.3 We will,
however, tell you that in order for SUSY to be realized in nature, it must be spontaneously broken
in a hidden sector (see Sec. 5.3). And we will pontificate in the conclusion about the status of SUSY
after the 8 TeV LHC run.
1In particular, we will not tell you that SUSY ensures that the Higgs mass parameter is only logarithmically sensitive
to the scale of SUSY-breaking.
2In particular, we will not tell you that in the MSSM a Z2 symmetry called R-parity is invoked to protect against
proton decay, which in turn renders the lightest SUSY particle stable, and thus a dark matter candidate.
3Among other things, we will not tell you about gauge coupling unification, the need for two Higgs doublets for
anomaly cancellation, or sparticle phenomenology at the LHC.
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1.2 About Us
To give you some context for these lecture notes, we want to briefly say something about our SUSY
background.
Jesse wrote his first paper on SUSY in 2005 [16]. Since then, he has found it enormously helpful to
have a bag of tricks on hand to simplify SUSY calculations and develop SUSY intuition. The specific
tricks included in these lectures were motivated by some of his recent papers.
• Goldstini [17, 18] — Goldstini arise when SUSY is broken independently by more than one sector.
Deriving the spectrum and couplings of goldstini is made simpler using non-linear goldstino
multiplets.
• Flavor Mediation [19, 20] — The (approximate) global flavor symmetries of the SM can be lifted
to (spontaneously broken) gauged flavor symmetries. These flavor gauge groups can mediate
SUSY breaking, and the resulting soft spectrum is most easily calculated using background
field methods.
• Anomaly Mediation from AdS4 SUSY [21] — Anomaly-mediated SUSY breaking arises from
uplifting AdS4 SUSY to flat space broken SUSY. This physics is easiest to understand in the
conformal compensator formalism of SUGRA (which is unfortunately a super-trick that
was not covered in the original TASI 2012 lectures, but is explained fairly concisely in Ref. [22]).
Various cross-checks are easiest to perform using SUSY-covariant derivatives.
Finally, the super-trick of equations of motion in superspace is a classic technique for constructing
effective SUSY lagrangians.
Daniele and Zach were participants in the TASI 2012 summer school, and graciously agreed to
help Jesse write and edit these notes. At TASI, Daniele gave a presentation about his work on visible
sector SUSY breaking [23], and Zach gave a presentation about his work on AdS4 SUSY and anomaly
mediation [21].
Without further ado, let us begin our study of superspace.
2 Introducing Superspace
In this lecture, we will introduce the motivation and structure of superspace. After a discussion of
Weyl and Grassmann notation, we show how translations in superspace can be used to determine
the SUSY algebra. En route to constructing a generic SUSY lagrangian, we will introduce our first
super-trick involving SUSY-covariant derivatives.
2.1 Why Superspace?
SUSY relates the properties of bosons and fermions, but in ordinary relativistic quantum field theory,
bosons and fermions are represented by very different objects. For example, a spin-0 boson is described
by a complex-valued scalar field φ(x), while a spin-1/2 fermion is described by a Grassmann-valued
Weyl field ψα(x) (with a Lorentz spinor index, no less). In order to make SUSY manifest, we want to
somehow package bosons and fermions into a single object.
To do so, we introduce the technique of superspace, which augments the ordinary space-time
coordinates with an additional Grassmann spinor θα (and its complex conjugate θ
α˙
):
xµ → {xµ, θα, θα˙}. (2.1)
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A field that depends on {xµ, θα, θα˙} is called a superfield,4 which automatically packages boson and
fermion fields into multiplets. While it is possible to describe SUSY theories using ordinary space-time
alone, superspace makes it simpler to identify SUSY-invariants and write SUSY lagrangians.
On one level, the Grassmann spinor θα simply serves as a placeholder. As an analogy, consider
the case of a vector with components vx, vy, and vz. This vector can be expressed either as a list of
separate components or as a single vector object with the help of placeholders xˆ, yˆ, and zˆ:
{vx, vy, vz} vs. ~v = vxxˆ+ vy yˆ + vz zˆ. (2.2)
The second notation allows objects with different formal properties to be summed together into a
common object ~v. Similarly, given a SUSY multiplet that contains a spin-0 boson φ and a spin-1/2
fermion ψα, we can write the SUSY multiplet either as a list of components or in a superfield:
{φ, ψα, . . .} vs. Φ = φ+ θαψα + . . . (2.3)
Because both θα and ψα are Grassmann spinors, the two terms in Φ have the same statistics and can
therefore be summed together.
This analogy between vectors and superfields goes even a bit deeper. In the case of vectors, one
can describe rotations either in terms of active rotations (rotation of components) or passive rotations
(rotation of basis vectors). If one knows how xˆ, yˆ, and zˆ transform under rotations, then one can easily
determine how vx, vy, and vz transform. In the case of SUSY, one can describe SUSY transformations
in terms of manipulations of θα, and we will “derive” the SUSY algebra by considering the possible
transformation properties of θα.
In terms of how θα transforms under SUSY, however, θα behaves less like a xˆ-like unit vector and
more like a genuine coordinate. For example, one can consider arbitrary functions of θα just like one
can have arbitrary functions of xµ (though there are important differences since θ
α is a Grassmann
spinor). In addition, SUSY transformations act like translations on θα
θα → θα + α, (2.4)
just as translations on space-time coordinates act as xµ → xµ + δµ. We will see explicitly how this
works in Sec. 2.5.
2.2 Invitation to Two-Component Notation
In these lectures we will use exclusively two-component spinor notation, also known as Weyl spinors.
While it is possible to do superspace manipulations using four-component notation (as in Refs. [8, 9]),
Weyl spinors are far more convenient, since they are true irreducible representations of the Lorentz
group. For the uninitiated, we recommend the excellent notes of Dreiner, Haber, and Martin [24]. We
will give a quick motivation for why two-component notation is the “natural” notation to use, with
the hope that this will give you sufficient motivation to learn this topic on your own. Throughout
these notes we use the (+,−,−,−) metric convention.
Consider the following way of packaging the four-vector xµ = {t, x, y, z} into a two-by-two matrix
X = σµxµ =
(
t+ z x− iy
x+ iy t− z
)
, (2.5)
4A true superfield must also have well-behaved properties under a SUSY transformation. This is discussed in more
detail in Sec. 2.7.
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where
σµαα˙ = {1, σ1, σ2, σ3} (2.6)
is defined in terms of the Pauli matrices, and we will explain the reason for the dotted index in a
moment. The matrix X is hermitian (X† = X), and its determinant is the familiar Lorentz-invariant
norm5
detX = t2 − x2 − y2 − z2 = xµxµ. (2.7)
The Lorentz group is the set of transformations that leave xµx
µ invariant, or equivalently, the set
of transformations that leave the determinant of X fixed while keeping X = X†. The most general
Lorentz transformation acting on X is matrix multiplication by an arbitrary complex matrix P with
determinant 1:
X → PXP †. (2.8)
Clearly, this transformation leaves X hermitian. Note that
detPXP † = |detP |2 detX, (2.9)
so detP could in principle have an arbitrary phase factor, but this phase can be pulled out of the
matrix P since it has no effect on the components of X. This (special linear) transformation in
Eq. (2.8) is the group SL(2,C) which is the (double) covering group of the Lorentz group SO(3, 1).
While Eq. (2.8) might seem cumbersome for describing the transformation of Lorentz four-vectors,
it makes the transformations of spinors manifest. Spinors are simply objects that transform under P
as
ψ′α = Pα
βψβ , (2.10)
where α = {1, 2} is called an undotted index (i.e. corresponding to the (1/2, 0) representation of the
Lorentz group). (Anti-)spinors with a dotted index transform in the complex conjugate representation
under P ∗ as
ψ
′
α˙ = P
∗
α˙
β˙ψβ˙ = ψβ˙P
†β˙
α˙, (2.11)
(i.e. the (0, 1/2) representation). We can build arbitrary representations of the Lorentz group by
considering objects with different numbers of dotted and undotted indices. Ordinary four-vectors
with a µ Lorentz index can be converted into objects with two spinor indices with the help of the σµ
matrices from Eq. (2.6):
xαβ˙ ≡ xµσµαβ˙ . (2.12)
We see immediately that Eqs. (2.10) and (2.11) then imply Eq. (2.8), which is a nice consistency check.
The antisymmetric matrix
αβ = α˙β˙ =
(
0 −1
1 0
)
(2.13)
is invariant under Lorentz transformations, so we can use the αβ (and its inverse 
αβ) to lower (and
raise) indices
χα = αβχ
β , χα = αβχβ , (2.14)
and analogously for dotted indices.6 When raising and lowering indices on the σµ matrix, it is conve-
nient to define
σµα˙α ≡ α˙β˙αβσµ
ββ˙
= {1,−σ1,−σ2,−σ3} . (2.15)
5This unambiguously shows that (+,−,−,−) is the “correct” metric signature.
6For raising and lowering indices on the  tensor itself, note that αββγ = δ
α
γ , but αβγβ = −δγα.
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Because there is a sign flip when raising and lowering indices, we have to define a convention for
suppressing indices, and we use descending undotted indices and ascending dotted indices as shown
below:
α
α
α˙
α˙
(2.16)
The power of two-component notation is that one can write Lorentz-invariant objects simply by
matching indices (in particular avoiding the contortions necessary in Dirac notation to write down a
Majorana mass). The easiest Lorentz invariants we can build are
ψαχα ≡ ψχ, ψα˙χα˙ ≡ ψχ. (2.17)
Since fermions anti-commute, we have
ψχ = ψαχα = −χαψα = +χαψα = χψ. (2.18)
However there is an annoying minus sign when manipulating the following Lorentz-covariant combi-
nation:
ψσµχ = ψα˙σ
µα˙βχβ = −χασµαβ˙ψ
β˙
= −χσµψ. (2.19)
It is often convenient to use the notation
σµν ≡ 1
4
(σµσν − σνσµ), σµν ≡ 1
4
(σµσν − σνσµ). (2.20)
When taking the hermitian conjugate of expressions involving multiple spinors, it is conventional
for all the spinors to reverse order. Combined with the hermiticity of the sigma matrices, this implies
(ψχ)† = χψ, (2.21)
(ψσµχ)† = χσµψ, (2.22)
(ψσµσνχ)† = χσνσµψ, (2.23)
and so forth.
One can often simplify complicated expressions using the following Schouten and completeness
identities:
AαBβ −AβBα = αβAγBγ , (2.24)
σµαα˙σ
µββ˙ = 2δα
βδα˙
β˙ . (2.25)
Together, these imply many useful Fierz identities, including
(χψ)(ηλ) = −(χη)(λψ)− (χλ)(ψη), (2.26)
(χσµψ)(ησµλ) = −2(χ†λ†)(ψη), (2.27)
(θχ)(θψ) = −1
2
(θθ)(χψ). (2.28)
The sigma matrices satisfy identities reminiscent of the familiar relation {γµ, γν} = 2ηµν of four-
component notation, namely
σµαα˙σ
να˙β + σναα˙σ
µα˙β = 2ηµνδα
β , (2.29)
σµα˙ασν
αβ˙
+ σνα˙ασµ
αβ˙
= 2ηµνδα˙β˙ . (2.30)
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Finally, given a Dirac (four-component) spinor, one can decompose it into two Weyl spinors via
ΨD =
(
ψα
ψc
α˙
)
, (2.31)
and gamma matrices can be similarly decomposed
γµ =
(
0 σµ
σµ 0
)
, γ5 =
(
−1 0
0 1
)
. (2.32)
Note that “c” in ψc is just a label (ψ and ψc are two separate quantum fields, completely unrelated if
one does not invoke equations of motion), while the bar stands for complex conjugation. Both ψ and
ψc are (left-handed) Weyl spinors.
2.3 Grassmann Coordinates
Now that we have settled on two-component notation, we can talk about the Grassmann coordinate
θα (and its complex conjugate θ
α˙
). Here are the basics of Grassmann manipulation.
A generic Grassmann variable η (without a Lorentz index) is an anti-commuting object
{η, η} = 0 ⇒ η2 = 0. (2.33)
That means an arbitrary function of η can be expressed in terms of its (finite) Taylor expansion as
f(η) = a+ bη. (2.34)
There are a variety of methods to extract the components of f(η). We will often use the notation |0
to indicate setting all Grassmanns to zero
f(η)|0 = a. (2.35)
We define derivatives and integrals as acting the same way on Grassmanns:
∂
∂η
(a+ bη) = b,
∫
dη (a+ bη) = b. (2.36)
Note that the integral definition implies translational invariance∫
dη f(η + ) =
∫
dηf(η), (2.37)
which has been extensively used, for example, in Ref. [18]. Also, note that∫
dη
∂
∂η
(a+ bη) = 0, (2.38)
which will allow us to use integration by parts in superspace.
In order to package bosons and fermions into a common multiplet, we need Grassmann variables
with spinor indices:
θα = {θ1, θ2}, θα˙ = {θ1, θ2}. (2.39)
These objects anti-commute with each other such that
θ1θ1 = θ2θ2 = 0, θ1θ2 = −θ2θ1. (2.40)
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We can use the  matrix in Eq. (2.13) to form Lorentz-invariant combinations of the θs:
θ2 ≡ θαθα = αβθβθα = −2θ1θ2, (2.41)
θ
2 ≡ θα˙θα˙ = α˙β˙θα˙θβ˙ = 2θ1θ2, (2.42)
θ4 ≡ θ2θ2. (2.43)
Note that the superscripts in the above relations denote powers, not components. There is a potential
factor of 2 confusion that arises from the relation
θαθβ =
1
2
αβθ
2. (2.44)
We can define derivatives and integrals just as in Eq. (2.36)
∂
∂θα
θβ = δβα,
∂
∂θα˙
θβ˙ = δ
α˙
β˙
,
∫
dθα(a+ bθ
β) = bδβα. (2.45)
We will often use the combinations
d2θ ≡ −1
4
dθαdθβαβ , d
2θ ≡ −1
4
dθα˙dθβ˙
α˙β˙ , d4θ ≡ d2θd2θ, (2.46)
such that ∫
d2θ θ2 = 1,
∫
d2θ θ
2
= 1,
∫
d4θ θ4 = 1. (2.47)
With all the notation out of the way, we are ready now to talk about SUSY multiplets.
2.4 Generic SUSY Multiplets
A generic scalar supermultiplet is
S(xµ, θα, θ
α˙
), (2.48)
which depends on the Grassmann spinor placeholders/coordinates θα. Throughout this paper we will
use boldface letters to indicate superfields. This object is an overall Lorentz scalar, but it contains
spin-0, spin-1/2, and spin-1 components. Because of the Grassmann nature of our placeholders, the
Taylor expansion is exact:
S = a + θξ + θ2b
+ θχ + θσµθvµ + θ
2θζ
+ θ
2
c + θ
2
θη + θ4d.
(2.49)
We can express this more visually as
S =
θ0 θ1 θ2
θ
0
a ξα b
θ
1
χα˙ vµ ζ
α˙
θ
2
c ηα d
(2.50)
where a, b, c, d are complex scalars, ξ, χ, ζ, η are Weyl spinors, vµ is a complex vector, and θ
n and
θ
n
stand for n powers of θ or θ. Note that S contains exactly eight (complex) fermionic and eight
(complex) bosonic degrees of freedom. One might think that the superfield could include additional
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objects like θαθβz
αβ but one can easily show that such a term is equivalent to θ2b by using Eq. (2.44).
We use the language “lower” (“higher”) to refer to components that involve fewer (more) factors of θ
or θ, such that a (d) is the lowest (highest) component of S.
The above discussion is for a Lorentz-scalar superfield, but superfields can carry additional Lorentz
structure. Indeed, there is no problem with
Sν(x
µ, θα, θ
α˙
), (2.51)
as long as the components of the superfields have extra Lorentz indices as well. When the superfield
has a spinor index, this can lead to terms where the indices on θ are uncontracted due to reducible
Lorentz structure. For example, the ξαβ component of a superfield Sβ could contain ωαβ , leading to
an expansion like
Sβ = λβ − ωθβ + . . . (2.52)
When discussing gauge theories in Sec. 4, we will make regular use of superfields with spinor indices.
In these notes, we will restrict ourselves to one set of Grassmann coordinates {θα, θα˙}, which is
known as N = 1 SUSY. Adding more sets of θ yields higher N SUSY, which will not be covered here.
2.5 Translations in Superspace
In the previous subsection, we successfully packaged bosons and fermions into a common multiplet.
However, as we will see in Sec. 2.7, there is a crucial difference between a package of bosons/fermions
and a true superfield, which is a package of bosons/fermions that have the correct transformation
properties under SUSY. This is the same distinction between a list (i.e. a collection of components)
and a vector (i.e. a collection of components that transform into each other in a certain way under
rotations). The real meat of SUSY is in how the components of a supermultiplet are related to each
other, and we will now “derive” SUSY by considering translations in superspace.
In ordinary space-time, translational invariance
xµ → xµ + δµ (2.53)
is an important subset of the full Poincare´ space-time symmetry. Using the Taylor expansion for
infinitesimal δµ, this translation acts on fields as:
φ(xµ)→ φ(xµ + δµ) (2.54)
= φ(xµ) + δµ∂µφ(x
µ), (2.55)
where we are using the notation ∂µ ≡ ∂∂xµ .
It is natural to define translational invariance in superspace via
θα → θα + α, (2.56)
where α is an infinitesimal Grassmann parameter. This (passive) transformation of the coordinate
can be interpreted instead as an (active) transformation of the components. For example, starting
with
Φ(θα) = φ+ θαψα + . . . , (2.57)
translations yield
Φ(θα + α) = φ+ (θα + α)ψα + . . . (2.58)
= (φ+ αψα) + θ
αψα + . . . (2.59)
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so the components transform as φ → φ + αψα (with ψα left fixed). As desired, we have related
bosons to fermions! However, we know that boson and fermion kinetic terms have differing numbers
of derivatives, so in order to successfully build a SUSY lagrangian, we must somehow combine θα
translations with space-time derivatives.
The key to SUSY is that the shift of the fermionic coordinate θα is accompanied by a translation
of the ordinary bosonic coordinate xµ as well
θα → θα + α,
θ
α˙ → θα˙ + α˙,
xµ → xµ + ∆µ,
(2.60)
where
∆µ ≡ iσµθ + iσµθ. (2.61)
We could have guessed the form of ∆µ, since this is the unique real four-vector object one can build
that is linear in  and has the right dimension.7
Let us now act this SUSY coordinate shift on our generic supermultiplet from Eq. (2.49):
S(xµ, θα, θ
α˙
)→ S(xµ + ∆xµ, θα + α, θα˙ + α˙) (2.62)
= S(xµ, θα, θ
α˙
)
+
(
∆µ∂µ + 
α∂α + α˙∂
α˙
)
S(xµ, θα, θ
α˙
),
where we have used the Taylor expansion up to the first order, both for ordinary and Grassmann
coordinates. Here, we are using the notation ∂α ≡ ∂∂θα and ∂
α˙ ≡ ∂
∂θα˙
.
We see immediately that translations in superspace act in two different ways. First, the shift
θα → θα + α relates higher components of the superfield to lower components as in Eq. (2.58).
Second, because ∆µ contains factors of θα, the translation xµ → xµ + ∆µ relates derivatives of
lower components to higher components. This is crucial for relating the kinetic terms for bosons and
fermions.
Visually, the SUSY translations act on components as in Fig. 2.1. Getting all the factors of two
and minus signs correct in the component transformations is an exercise best done in the woodshed.
The answers are
δa = ξ+ χ,
δξ = 2b− (vµ + i∂µa)σµ,
δb = ζ+ i2∂µξσ
µ,
δχ = 2c+ (vµ − i∂µa)σµ,
δvµ = ζσµ− ησµ+ i2∂ν (ξσµσν− χσµσν) ,
δζ = 2d− i∂µbσµ+ i2∂µvνσνσµ,
δc = η + i2∂µχσ
µ,
δη = 2d− i∂µcσµ− i2∂µvνσνσµ,
δd = i2∂µ
(
ζσµ+ ησµ
)
,
(2.63)
where we have extensively used the Fierz identities of Eqs. (2.27) and (2.28) to simplify expressions
like (θσµθ)(ψσµχ) and (ψσ
µθ)(θσνθ).
7Note that from Eq. (2.57), θ (and thus ) must have mass dimension [θ] = −1/2.
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θ0 θ1 θ2
θ
0
a
−i(σµ)∂µ
//
−i(σµ)∂µ

ξα
oo
b
θ
1
χα˙

OO
vµ ζ
α˙
θ
2
c ηα d
Figure 2.1. Visual representation of superspace translations acting on components.
We see now very clearly that SUSY “rotates” bosons into fermions, and vice versa. Note that
the highest (θ4) component d transforms as a total derivative under SUSY, which will be particularly
useful for building lagrangians in Sec. 2.9.
2.6 The SUSY Algebra
Thus far, we have talked about SUSY transformations without ever mentioning the underlying SUSY
algebra. Indeed, one advantage of superspace is that Eq. (2.60) contains the full structure of SUSY.
However, it is instructive to turn the superspace translation picture into an operator picture to show
that the SUSY algebra closes.
Recall that ordinary space-time translations are generated by the energy-momentum operator
eiaµP
µ
f(xµ) = f(xµ + aµ), (2.64)
where
Pµ ≡ −i∂µ. (2.65)
Translations are part of the full Poincare´ group that includes Lorentz transformations generated by
Mµν , with algebra
[Mµν ,Mρτ ] = i (ηνρMµτ + ηµτMνρ − ηµρMντ − ηντMµρ) , (2.66)
[Pµ,Mνρ] = i (ηµνPρ − ηµρPν) , (2.67)
[Pµ, Pν ] = 0. (2.68)
Note that the explicit expression of Mµν depends on the spin of the field it acts on. For a scalar field,
for example,
Mµν = i (xµ∂ν − xν∂µ) . (2.69)
We want to introduce new SUSY generators that implement Eq. (2.62), namely operators Q and
Q such that
e−iQ−iQS(xµ, θα, θ
α˙
) = S(xµ + ∆µ, θα + α, θ
α˙
+ α˙). (2.70)
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In analogy with Eq. (2.64), we see immediately that
Qα = i
∂
∂θα
− (σµθ)α∂µ, (2.71)
Q
α˙
= i
∂
∂θα˙
− (σµθ)α˙∂µ. (2.72)
It is straightforward to show that these generators satisfy the SUSY algebra
{Qα, Qβ˙} = −2σµαβ˙Pµ,
{Qα, Qβ} = {Qα˙, Qβ˙} = 0,
[Qα, Pµ] =
[
Qα˙, Pµ
]
= 0,
[Mµν , Qα] = iσµνα
βQβ ,[
Mµν , Q
α˙
]
= iσµν
α˙
β˙Q
β˙
,
(2.73)
thus extending the Poincare´ algebra. In this way, two SUSY translations are equivalent to one ordinary
space-time translation, and we sometimes refer to SUSY as being the “square root” of translations.
The non-trivial commutator between SUSY and Lorentz generators just indicates that the SUSY
generator is a Lorentz spinor. The SUSY algebra indeed closes, and accounting for the possibility of
higher N , one can show that SUSY is the unique extension of the Poincare´ algebra [25].
It is worth mentioning that SUSY can be present in more general space-time geometries. As we
will discuss in Sec. 5.11, one can also define a SUSY algebra relevant for anti-de Sitter space (which
counterintuitively is highly relevant for describing our approximately flat universe).
2.7 What is a Superfield?
It is important to make the distinction between a true superfield and a random collection of bosons and
fermions. Functions of {xµ, θα, θα˙} are superfields, in the sense that they have well-behaved properties
under a SUSY transformation:{
xµ, θα, θ
α˙
}
→
{
xµ + ∆µ, θα + α, θ
α˙
+ α˙
}
. (2.74)
Equivalently, a (Lorentz-scalar) superfield is any object whose components transform as Eq. (2.63).
However, if we take a superfield S and randomly manipulate its components (for example by zeroing
out various components), the resulting object is generically not a superfield, since its (manipulated)
components do not transform as Eq. (2.63).
Since superfields are the building blocks of SUSY lagrangians, it is important to know which
objects are superfields and which are not. Eq. (2.62) immediately implies that any function of any
number of superfields is also a superfield
f(S1(x
µ, θα, θ
α˙
),S2(x
µ, θα, θ
α˙
), . . .), (2.75)
since each argument of the function f has well-defined transformation properties under the shifts in
Eq. (2.60). In particular, the sum of two superfields is also a superfield, as is the product.
Because [Pµ, Qα] = 0, ordinary space-time derivatives of superfields are also superfields
∂µS, S, . . . (2.76)
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To see this, consider the SUSY transformation from Eq. (2.70) acting on ∂µS:
e−iQ−iQ∂µS = ∂µe−iQ−iQS. (2.77)
The overall space-time derivative acts on each of the components, so Eq. (2.63) is preserved.
However, there are plenty of manipulations of superfields that do not result in another superfield.
For example, if we multiply a superfield by a function of xµ alone
f(xµ)S, (2.78)
the resulting object is not a superfield, because f(xµ) does not have any corresponding fermionic
components to rotate into. Similarly, we cannot multiply by a generic function of θα or θ
α˙
alone.
Relevant for the next subsection is the fact that
∂
∂θα
S (2.79)
is not a superfield. While ∂∂θαS is a collection of bosonic and fermionic components, these components
do not transform as Eq. (2.63), which can be readily understood because { ∂∂θα , Q
α˙} 6= 0 so the
equivalent manipulation in Eq. (2.77) is not possible.
2.8 Super-trick #1: The SUSY-Covariant Derivative
Our first super-trick is to introduce the SUSY-covariant derivative Dα. This operator is incredibly
useful for SUSY manipulations, because it acts on a superfield to yield another superfield.
One way to motivate Dα is that we want an object whose lowest component is the second-lowest
component of S. The natural choice would be ∂∂θαS, but we argued in Eq. (2.79) that this was not a
superfield. We can, however, construct such an object with the help of the SUSY-covariant derivatives
Dα =
∂
∂θα
− i(σµθ)α∂µ, (2.80)
D
α˙
=
∂
∂θ
α˙
− i(σµθ)α˙∂µ. (2.81)
It is a straightforward exercise to show that these commute with Qα and Qβ˙ . Note also that
{Dα, Dβ˙} = 2iσµαβ˙∂µ. (2.82)
Like any sensible derivative, these obey a Leibniz (product) rule
Dα(XY ) = (DαX)Y +X(DαY ). (2.83)
There is one subtlety, however, because the Ds pick up a minus sign if you move them across an odd
number of spinor indices:
Dα(XβY ) = (DαXβ)Y −Xβ(DαY ). (2.84)
Note that D3S = D
3
S = 0, because {Dα, Dβ} = 0.8
These SUSY-covariant derivatives are useful in a variety of circumstances, justifying our designa-
tion of them as a super-trick. Let us count the ways.
8This fact is not true in AdS4 space or SUGRA, which is part of the reason why SUGRA is so complicated.
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1. Making new superfields. As advertised, a SUSY-covariant derivative acting on a superfield
yields another superfield. Therefore a SUSY lagrangian can depend on
S, DαS, D
2S, Dα˙S, D
2
S, etc. (2.85)
Space-time derivatives can also be written using Ds, since
∂µS = − i
4
σµβ˙α{Dα, Dβ˙}S. (2.86)
2. Extracting components of a superfield. Using the notation that “|0” stands for the lowest
component of a supermultiplet, then
S|0 = a, DαS|0 = ξ, −1
4
D2S|0 = b, etc . . . (2.87)
This gives us an alternative way to write the integrals in Eqs. (2.45), (2.46) and (2.47) as∫
d2θS = −1
4
D2S|0,
∫
d2θS = −1
4
D
2
S|0. (2.88)
We will make regular use of the equivalence∫
d4θS =
∫
d2θ
(
−1
4
D
2
S
)
=
1
16
D2D
2
S|0. (2.89)
3. Constructing SUSY-invariant actions. As a special case of the last point, we can use Ds
to identify the highest component of a superfield:9
1
16
D2D
2
S|0 = d. (2.90)
As we showed in Eq. (2.63) and as we will discuss further in Sec. 2.9, the highest component of a
superfield transforms as a total derivative under SUSY. Therefore, for any superfield S, we can
construct a SUSY-invariant action via
S =
∫
d4x
1
16
D2D
2
S|0 + h.c. =
∫
d4x d4θS + h.c. (2.91)
4. Restricting superfields. The generic superfield in Eq. (2.49) is unwieldy for most purposes
since it corresponds to a reducible representation of the SUSY algebra. We usually work with
irreducible representations, two of which are defined using Ds. The key multiplets are
Chiral superfield : DΦ = 0, (2.92)
Vector superfield : V = V †, (2.93)
Linear superfield : D2L = 0 and L = L†. (2.94)
Chiral multiplets are the workhorses of N = 1 SUSY and will be the topic of Sec. 3. Vector
multiplets are needed to describe SUSY gauge theories, as discussed in Sec. 4. Linear multiplets
show up as conserved currents (see Ref. [7], for example), but will not appear again (with one
exception) in these lectures.
9The choice of D2D
2
S rather than D
2
D2S here (related to our convention for d4θ) is rather arbitrary. Thankfully,
the only differences between the two are total derivative terms, which we will ruthlessly ignore henceforth.
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5. Building chiral multiplets. Given a generic superfield S, one can construct a chiral superfield
by acting twice with D:
Φ = D
2
S. (2.95)
We immediately see that DΦ = 0 (the defining characteristic of a chiral superfield) because
D
3
= 0.
6. Constructing the chiral projector. Finally, a trick using Ds for true SUSY aficionados.
Consider the following operator acting on a generic superfield:
− D
2
D2
16 S. (2.96)
Because D
3
= 0, this is guaranteed to be a chiral multiplet (although the object is generically
non-local). More interestingly, if we replace S with a chiral multiplet Φ that already satisfies
DΦ = 0, then
− D
2
D2
16 Φ = Φ. (2.97)
To see this, we make repeated use of Eq. (2.82). The operator −D2D216 is known as a chiral
projector, and can be useful when manipulating chiral multiplets.
We will get a chance to use each D super-trick in these notes.
2.9 SUSY-Invariant Actions
Thus far, we have defined superfields as objects living in {xµ, θα, θα˙} superspace that transform nicely
under Eq. (2.60). We have seen that products and sums of superfields are superfields, as are space-time
and SUSY-covariant derivatives acting on superfields. We are now ready to construct SUSY-invariant
actions in terms of superfields.
From Eq. (2.63), no component of a superfield is invariant under SUSY. For the purposes of defining
a SUSY-invariant theory, though, all we need is a lagrangian that transforms as a total derivative under
SUSY. Indeed, the highest component of a generic multiplet S shifts as a total derivative,
(−iQ− iQ)
(
1
16
D2D
2
S
) ∣∣∣∣
0
= total derivative. (2.98)
This is obvious from Fig. 2.1, which shows that the highest (θ4) component only gets contributions
from the derivatives of lower components, and it is shown explicitly in Eq. (2.63).
Because the lagrangian must be hermitian, we can build an arbitrary SUSY lagrangian out of the
θ4 component of a vector multiplet V satisfying V † = V ,
L = 1
16
D2D
2
V comp|0 =
∫
d4θV comp, (2.99)
where we have used the equivalence in Eq. (2.89). The notation V comp reminds us that the vector
multiplet is generically composite, meaning that it consists of products and sums of other superfields.
Certain superfield manipulations will have no effect whatsoever on the action. For example,
imagine shifting V comp by a chiral multiplet Ω,
V comp → V comp + Ω + Ω†. (2.100)
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This transformation leaves V comp as a vector multiplet, but because D
α˙
Ω = 0, this shift changes the
action by a total derivative. Thus, we can remove any purely chiral plus anti-chiral pieces of V comp.
10
While it is true that we can build an arbitrary SUSY lagrangian using vector multiplets alone,
such constructions are not in general local in superspace. For example, consider a particular non-local
choice for V comp
V comp =
1
4D
2Φcomp + h.c. (2.101)
where Φcomp is a (composite) chiral multiplet. Using our super-trick chiral projector from Eq. (2.97),
the θ4 component of the first term is
1
16
D2D
2 1
4D
2Φcomp|0 = −1
4
D2Φcomp|0 =
∫
d2θΦcomp, (2.102)
which is just the θ2 component of the chiral multiplet Φcomp! Indeed, both the θ
4 component of a
vector multiplet and the θ2 component of a chiral multiplet transform as total derivatives under SUSY,
so both can be used to build SUSY-invariant actions. (SUSY aficionados should be mildly impressed
that were able to deduce this without ever determining the components of a chiral multiplet Φcomp.)
Note that, as already mentioned, the operator −D2D216 acts on Φcomp as a projector, crucially because
Φcomp is chiral. This allows us to rewrite the θ
4 component of this non-local V comp as a local term.
This saturates all the possibilities for a local action, and the most generic SUSY-invariant action
one can build can be written using the lagrangian
L =
∫
d4θV comp +
(∫
d2θΦcomp +
∫
d2θΦ†comp
)
, (2.103)
where V comp = V
†
comp is a (composite) vector superfield and Φcomp is a (composite) chiral superfield
satisfying DΦcomp = 0.
3 Fermions and Sfermions
In this lecture, we construct SUSY lagrangians for chiral multiplets. After introducing the basic
properties of chiral multiplets and the free lagrangian for chiral superfields, we use effective field
theory power counting to write down the most relevant interactions. We explain the super-trick of
equations of motion in superspace, as well as how global symmetries work in SUSY.
3.1 Chiral Multiplets
In order to write down concrete SUSY lagrangians, it is instructive to restrict our attention to chiral
multiplets which satisfy the constraint
D
α˙
Φ = 0. (3.1)
The complex conjugate equation
DαΦ† = 0 (3.2)
defines an anti-chiral superfield Φ†. The physical states contained in a chiral multiplet are a spin-1/2
Weyl fermion and a spin-0 complex scalar (often called a sfermion). Chiral multiplets are needed
to describe the quark, lepton, and Higgs sectors of the SUSY SM (and their corresponding squark,
slepton, and higgsino superpartners).
10This is only true in global SUSY. The equivalent manipulation in SUGRA (forming part of a Ka¨hler transformation)
is more complicated.
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One way to automatically construct a chiral multiplet is to introduce a modified space-time coor-
dinate
yµ ≡ xµ + iθσµθ. (3.3)
A generic chiral superfield can be expressed as an arbitrary function of yµ and θα (but not of θ
α˙
):
Φ(yµ, θα). (3.4)
We can check that this automatically satisfies the constraint D
α˙
Φ = 0, via
D
α˙
Φ(yµ, θ) =
(
∂
∂θα˙
− i(σµθ)α˙∂µ
)
Φ(yµ, θ)
=
(
i(σµθ)α˙
∂
∂yµ
− i(σµθ)α˙ ∂
∂yµ
)
Φ(yµ, θ)
= 0,
(3.5)
recalling that Φ has no θ dependence except through yµ.
A chiral superfield has a compact expression in y-dependent components
Φ(yµ, θ) = φ(y) +
√
2θψ(y) + θ2F (y). (3.6)
We will often represent such chiral superfields schematically as
Φ = {φ, ψ, F}. (3.7)
This is the smallest representation of SUSY containing a fermion (ψ) and a sfermion (φ). The field
F is an auxiliary field which will turn out to be non-propagating; its existence is necessary to ensure
that there are an equal number of bosonic and fermionic components off-shell. We can extract these
components from the superfield by applying SUSY-covariant derivatives:
Φ|0 = φ, (3.8)
DαΦ|0 =
√
2ψα, (3.9)
−1
4
D2Φ|0 = F. (3.10)
By making the replacement yµ → xµ + iθσµθ in Eq. (3.6) and Taylor expanding as in Eq. (2.54), we
can express these as components with ordinary xµ dependence as
Φ =
θ0 θ1 θ2
θ
0
φ
√
2ψα F
θ
1
0 i∂µφ − 1√2 i (σµ∂µψ)
α˙
θ
2
0 0 − 14φ
(3.11)
However, it is usually more convenient to stick with the yµ coordinates.
The SUSY transformations of a chiral multiplet follow from the transformations of yµ and θα as
derived from Eq. (2.60):
θα → θα + α, (3.12)
yµ → yµ + 2iσµθ. (3.13)
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θ0 θ1 θ2
φ
−2i(σµ)∂µ
//
√
2ψα
oo
F
Figure 3.1. Visual representation of superspace translations on a chiral multiplet.
Visually, this transformation acts on the components as in Fig. 3.1, giving rise to
δφ =
√
2ψ,
δψ = −i√2(σµ¯)∂µφ+
√
2F,
δF = −i√2¯σ¯µ∂µψ.
(3.14)
As advertised in Sec. 2.9, the highest component (i.e. F component) of a chiral superfield transforms
as a total derivative, and can therefore be used to construct a SUSY-invariant action.
Using the super-trick from Sec. 2.8, we can construct new superfields from chiral superfields by
applying SUSY-covariant derivatives. Of course, D
α˙
Φ vanishes by definition, but DαΦ and D
2Φ do
not and can appear in SUSY lagrangians. We will be able to avoid a lot of messy algebra in the future
by taking the anti-chiral superfield Φ† and constructing a chiral superfield via
− 1
4
D
2
Φ† = F †(y)− i
√
2θσµ∂µψ(y)− θ2φ†(y). (3.15)
which in components is − 14D
2
Φ† = {F †,−iσµ∂µψ,−φ†}. Crucially, the components are a function
of y (not y∗). We see that this is indeed a chiral superfield by recalling that D
3
Φ = 0. Also, it is
helpful to know that products of chiral multiplets are also chiral
D
α˙
(Φ1Φ2 · · ·Φn) = 0, (3.16)
which is easy to prove because Φ1Φ2 · · ·Φn is a function only of yµ and θα, or from the Leibniz rule
of Eq. (2.83).
3.2 A Free SUSY Lagrangian
We are now (finally) ready to construct our first SUSY lagrangian: a free theory of a single chiral
superfield. First, let us conduct some dimensional analysis. The lowest component of a chiral multiplet
φ has mass dimension 1, while the fermionic component has mass dimension 3/2. In order for Φ to
have a well-defined mass dimension, we must have the following mass dimension assignments:
[Φ] = [φ] = 1,
[ψ] = 3/2,
[F ] = 2,
[θ] = −1/2,
[dθα] = [Dα] = 1/2.
(3.17)
In particular, [d4θ] = 2 and [d2θ] = 1, so in the generic lagrangian
L =
∫
d4θV comp +
(∫
d2θΦcomp +
∫
d2θΦ†comp
)
, (3.18)
– 18 –
we must have [V comp] = 2 and [Φcomp] = 3.
A free theory is quadratic in fields, so given a single chiral superfield Φ, the only possible choice
for a free lagrangian is
Lfree =
∫
d4θΦ†Φ +
(∫
d2θ
1
2
mΦ2 + h.c.
)
, (3.19)
where m is a mass parameter. The only other possible quadratic term
∫
d4θΦ2 does not contribute
to the action because it is a total derivative (see Eq. (2.100)).11 The first term in Eq. (3.19) is called
the kinetic term and the second term is called the mass term, such that Lfree = Lkinetic + Lmass.
To check that Lfree corresponds with our expectations, it is instructive to find the action in
components. The kinetic term is easiest to analyze by noting that
Lkinetic =
∫
d4θΦ†Φ =
∫
d2θ
(
−1
4
D
2
Φ†
)
Φ. (3.20)
We already found the components of the superfield in parentheses in Eq. (3.15). Finding the component
lagrangian is then just a matter of finding the θ2 component of the product of two chiral multiplets.
Arranging them in a grid
θ0 θ1 θ2
Φ φ
√
2ψ F
− 14D
2
Φ† F † −i√2σµ∂µψ −φ†
(3.21)
we need only multiply the θn component of the first line with the θ2−n component of the second line,
for n = 0, 1, 2.12
Lkinetic = −φφ† + iψσµ∂µψ + F †F (3.22)
Lmass = 1
2
m (φF − ψψ + Fφ) + h.c. (3.23)
The first line contains the usual kinetic terms for φ and ψ, but F is an auxiliary field since it does not
have a kinetic term. The second line is not yet illuminating, but we can do the exact path integral
over F by finding its equation of motion
F † = −mφ. (3.24)
Inserting this back into Lfree yields our final answer
Lfree = −φ(+m2)φ† + iψ¯σµ∂µψ − 1
2
m(ψψ + ψψ). (3.25)
Thus, the free theory of a chiral multiplet is the theory of a free complex spin-0 scalar and a free
Weyl fermion. Moreover, the mass terms for the scalar and fermion are related by SUSY! The m→ 0
limit has enhanced chiral symmetry acting on Φ; this protects the masses of both the fermion and the
11By adding space-time derivatives, one can obtain other quadratic terms, such as
∫
d4θΦ†Φ/Λ2, where Λ is some
mass scale. These will always lead to terms in the component Lagrangian featuring more than two derivatives. In fact,
these terms turn the auxiliary field F into a propagating field (i.e. a field with a kinetic term), suggesting that important
physics was integrated out at the scale Λ. We will come back to this in Sec. 3.7.
12The Fierz identity of Eq. (2.28) tells us that (θχ)(θψ) = − 1
2
θ2χψ, so when multiplying the two θ1 components
together, we lose the factors of
√
2 and pick up a sign.
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scalar at the same time. This effect helps protects radiative corrections to the Higgs boson mass in
the SUSY SM.
The lagrangian in Eq. (3.25) contains a Majorana mass term for the single Weyl fermion. To
obtain a Dirac mass term, we would need two chiral multiplets:
LDirac =
∫
d4θ
(
Φ†Φ + Φc†Φc
)
+
(∫
d2θmΦΦc + h.c.
)
. (3.26)
As before, the superscript c is just a label, and Φ and Φc are independent fields off-shell. The action
in components is straightforward to find given our earlier results. We simply have two copies of the
kinetic action of Eq. (3.22) (one for Φ and one for Φc), while the mass terms are
Lmass = −m2φ†φ−m2φc†φc −m(χχc + χ†χ†c) (3.27)
after integrating out auxiliary fields. This theory has one massive Dirac fermion (composed of two
Weyl fermions) and two complex scalars, with all fields having the same mass.
3.3 A Generic Lagrangian
Having successfully constructed a free SUSY lagrangian, we can construct more generic lagrangians
using chiral multiplets. However, it is immediately clear that the number of possibilities is rather
large. In the generic lagrangian in Eq. (2.103), V comp and Φcomp can involve all sorts of functions and
combinations of superfields, including ordinary derivatives and SUSY-covariant derivatives:
Φ, DαΦ, D
2Φ, ∂µΦ, Φ, ∂µDαΦ, etc. (3.28)
Φ†, Dα˙Φ†, D
2
Φ†, ∂µΦ†, Φ†, ∂µDα˙Φ†, etc. (3.29)
Clearly we need some kind of organizing principle to sort out the multitude of possible terms.
Just as in non-SUSY theories, we can use effective field theory power counting to organize terms in
a SUSY lagrangian by mass dimension. We will discuss relevant and marginal interactions in Sec. 3.4
and higher dimensional interactions in Sec. 3.5.
Before doing so, it is worth emphasizing that some terms will not contribute to the SUSY action.
For example, we saw in Eq. (2.100) that a purely chiral piece of V comp does not contribute to the
action. Similarly, we can ignore terms that only change the lagrangian by a total derivative, such as∫
d4θ(· · · )→ total derivative. (3.30)
Less obvious is that we can ignore terms that correspond to a total SUSY-covariant derivative∫
d4θ Dα(· · · )→ total derivative, (3.31)
which one can derive by using the fact that D3 = 0. This implies that we can always do integration by
parts with SUSY-covariant derivatives, which we will use to show the equivalence of different SUSY
operators.
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3.4 Relevant and Marginal Interactions
Relevant and marginal interactions correspond to couplings with positive or zero mass dimension.
From Eq. (3.18), we argued that [V comp] = 2 and [Φcomp] = 3. Since a linear term in V comp would be
pure chiral, Eq. (2.100) tells us that it would not contribute to the action. Thus, the only choice for
a renormalizable V comp is quadratic in chiral superfields
V comp = Φ
†
iΦ
i, (3.32)
where we now have a number of chiral superfields Φi labeled by i, and we sum over repeated indices.
Note that we can always rotate and rescale the Φi to bring V comp into this form. For Φcomp, there
are three possible terms
Φcomp = fiΦ
i +
1
2
mijΦ
iΦj +
1
6
λijkΦ
iΦjΦk ≡W (Φi), (3.33)
where the object W is called the superpotential. By Eq. (3.16), W itself is a (composite) chiral
multiplet, and we say that W is a holomorphic function, since it only depends on chiral and not
anti-chiral superfields. The mass dimensions of these couplings are [fi] = 2, [mij ] = 1, and [λijk] = 0.
The most general renormalizable theory of chiral multiplets is often called the Wess-Zumino model:
LWZ =
∫
d4θΦ†iΦ
i +
(∫
d2θW (Φi) + h.c.
)
. (3.34)
By Taylor expanding W to extract the θ2 component, we can easily write down the component form
of the lagrangian
LWZ = −φiφ†i + iψ¯iσµ∂µψi + F †i F i
+WiF
i − 1
2
Wijψ
iψj + h.c.
(3.35)
where
Wi(φ
i) ≡ ∂W
∂φi
, Wij(φ
i) ≡ ∂
2W
∂φiφj
, (3.36)
and Wi and Wij should now be thought of as scalar functions of the lowest (scalar) component of the
various Φi fields. The equations of motion for the auxiliary fields are
F i = −W †i, F †i = −Wi, (3.37)
so the final component lagrangian is
LWZ = −φiφ†i + iψiσµ∂µψi
−W †iWi − 1
2
(Wijψ
iψj +W †ijψiψj). (3.38)
The W †iWi term corresponds to the scalar potential of the theory, which in general has linear,
quadratic, cubic, and quartic interactions. The Wijψ
iψj term contains both mass terms for the
fermions as well as Yukawa interactions between a scalar and two fermions.
We can now interpret the various terms in Eq. (3.33) one by one.
• fi is a source term for Fi. It generates a constant in the scalar potential but no fermion mass
terms. This type of term will be relevant for SUSY-breaking in Sec. 5.4.
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• mij is a mass term for bosons and fermions. The fermion mass matrix is mij directly, but the
boson mass-squared matrix is M2ij = mikm
k
j .
• λijk yields a quartic term for bosons and Yukawa interactions between one boson and two
fermions. These two types of couplings are related in a non-trivial way by SUSY, with the
quartic interaction related to the square of the Yukawa interaction.
Of course, additional terms in the scalar potential are generated when all of the fi, mij , and λijk are
present. Apart from gauge fields (which we will discuss in the next lecture), the Wess-Zumino model
accounts for all interactions present in the MSSM.
3.5 Dimension Five and Six
Continuing with our power counting, the first irrelevant operators we encounter are at dimension 5.
Recalling that D2 has mass dimension 1, the terms which show up at dimension 5 are∫
d2θ
1
Λ
Φ1Φ2Φ3Φ4, (3.39)∫
d4θ
1
Λ
Φ†1Φ2Φ3, (3.40)∫
d4θ
1
Λ
Φ1D
2Φ2 = 4
∫
d2θ
1
Λ
Φ1Φ2. (3.41)
The last equality follows from the chirality of Φ1 and Φ2. This exhausts all the possible terms at
dimension 5.13 At low energies,  is small, so the first two terms are often the most important
deformations.
Terms like Eq. (3.39) are already captured by the superpotential (in the sense that Eq. (3.38) still
holds). In order to describe the effect of terms like Eq. (3.40), it is helpful to introduce the Ka¨hler
potential K:
L =
∫
d4θK(Φi,Φ†¯) +
∫
d2θW (Φi) + h.c. (3.42)
+Dα, ∂µ terms.
To emphasize, the Ka¨hler potential and superpotential by themselves do not give the most general
SUSY effective actions, but often contain the most important effects at low energies. The Ka¨hler
potential and superpotential are most useful when scalar fields can get large vacuum expectation
values but space-time derivatives are small.
To derive the Lagrangian of Eq. (3.42) in components, the following trick is helpful. If you write
a term in the Ka¨hler potential as∫
d4θ(Φ1Φ2 · · · )(ΦnΦn+1 . . . )†
=
∫
d2θ(Φ1Φ2 · · · )
(
−1
4
D
2
(ΦnΦn+1 · · · )†
)
,
(3.43)
then we recognize (Φ1Φ2 · · · ) and (ΦnΦn+1 · · · ) as being chiral multiplets, whose components are easy
to find. Using the expression for − 14D
2
Φ† from Eq. (3.15), it is straightforward to find the required
13You can convince yourself that
∫
d4θΦ†1D
2Φ2 = 0 by doing integration by parts.
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θ2 component. For example, consider the dimension 6 term∫
d4θ
1
Λ2
(Φ1Φ2)(Φ3Φ4)
†. (3.44)
Making a grid analogous to Eq. (3.21), we have
θ0 θ1 θ2
Φ1Φ2 φ1φ2 φ1ψ2 + φ2ψ1 φ1F2 + φ2F1
−ψ1ψ2
− 14D
2
(Φ3Φ4)
† φ†3F
†
4 + φ
†
4F
†
3 σ · ∂(φ†3ψ4 (φ†3φ†4)
−ψ3ψ4 +φ†4ψ3)
(3.45)
Among other things, this contains the four-fermion operator 1Λ2ψ1ψ2ψ3ψ4, a type of interaction that
is not present in the superpotential alone.
There are many possible terms at dimension 6. Terms like∫
d2θ
1
Λ2
Φ1Φ2Φ3Φ4Φ5 (3.46)
are already captured by the superpotential, and terms like∫
d4θ
1
Λ2
Φ1Φ2Φ3Φ
†
4,
∫
d4θ
1
Λ2
Φ1Φ2Φ
†
3Φ
†
4, (3.47)
and their hermitian conjugates are captured by the Ka¨hler potential. Additional terms which show
up at dimension 6 include ∫
d2θ
1
Λ2
Φ1(Φ2)Φ3, (3.48)∫
d4θ
1
Λ2
D2Φ1D
2
Φ†2 = −16
∫
d4θ
1
Λ2
Φ1Φ†2, (3.49)
where the last equality follows from integration by parts and the anti-chirality of Φ†2.
There are cases where higher dimensional terms involving ∂µ or Dα can be very important. For
example, when we talk about SUSY-breaking, the vacuum expectation value (vev) 〈F 〉 6= 0. Thus,
terms like
〈
D2Φ
Λ2
〉
6= 0, and we have to remember the possibility of order FΛ2 effects not captured by
the Ka¨hler potential K or superpotential W alone.
3.6 The Ka¨hler Potential in Components
Though one of the goals of these notes is to emphasize the presence of higher-derivative SUSY inter-
actions, the Ka¨hler potential and superpotential are used so ubiquitously in the literature that one
may find it useful to see the expansion in components of a Lagrangian featuring only K and W . The
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component expansion of Eq. (3.42) yields:
L = Ki¯
(
∂µφi∂µφ
†¯ +
i
2
χiσµ∂µχ
†¯ +
i
2
χ†¯σµ∂µχi + F iF †¯
)
− 1
2
Ki¯k
(
χiχkF ∗¯ + iχiσµχ†¯∂µφk
)
− 1
2
Ki¯k¯
(
χ†¯χ†k¯F i − iχiσµχ†¯∂µφ†k¯
)
+
1
4
Ki¯kl¯χ
iχkχ†¯χ†l¯
+WiF
i − 1
2
Wijχ
iχj + h.c. (3.50)
where the subscripts on K represent derivatives with respect to fields, e.g. Ki¯ =
∂2K
∂Φi∂Φ†¯ .
After integrating out the auxiliary fields, this expression can be rewritten in a more compact
fashion by thinking of the function Ki¯ as a metric gi¯ in field space [26]:
L = gi¯∂µφi∂µφ†¯ + igi¯χ†¯σµDµχi (3.51)
+
1
4
Ri¯kl¯χ
iχkχ†¯χ†l¯ − gi¯WiW †¯ (3.52)
− 1
2
DiWjχ
iχj + h.c. (3.53)
where gi¯ is the inverse Ka¨hler metric (gi¯gik¯ = δ
¯
k¯
, gi¯gk¯ = δ
i
k) and the Ka¨hler-covariant derivative
Di, Christoffel connection Γ
k
ij , and curvature tensor Ri¯kl¯ are given by:
DiVk = Vik − ΓkijVk, (3.54)
Γkij = g
kl¯Kil¯j , (3.55)
Ri¯kl¯ = Ki¯kl¯ − gmn¯ΓmikΓn¯¯l¯, (3.56)
Dµχ
i = ∂µχ
i + Γijkχ
k∂µφ
k. (3.57)
In particular, the equations of motion for the auxiliary fields are
F i = −gi¯W †¯ +
1
2
Γimnχ
mχn. (3.58)
We will not go into any further detail regarding Ka¨hler geometry. For the interested reader, we
recommend Ref. [3] and references therein.
3.7 Super-trick #2: Equations of Motion in Superspace
Our second super-trick involves integrating out heavy mass thresholds in superspace (at tree-level).
In non-SUSY theories, integrating out heavy states yields an effective theory with additional higher-
dimension interactions among the light states. In SUSY theories, we could do the same manipulations
with component fields, but it is more convenient to integrate out superfields at tree-level using classical
superspace equations of motion.
Recall that in non-SUSY theories, the classical equations of motion are obtained by the Euler-
Lagrange procedure of varying the action to find the extrema. One subtlety in superspace is that
the lagrangian involves both
∫
d4θ and
∫
d2θ integrations, which require different constraints. To
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avoid having to invoke Lagrange multipliers, it is best to express everything in terms of
∫
d2θ using
Eq. (2.89): ∫
d4θV comp =
∫
d2θ
(
−1
4
D
2
V comp
)
. (3.59)
For simplicity, consider the Wess-Zumino model:
LWZ =
∫
d4θΦ†iΦ
i +
∫
d2θW (Φi) + h.c. (3.60)
=
∫
d2θ
(
−1
4
D
2
Φ†i
)
Φi +
∫
d2θW (Φi) +
∫
d2θW †(Φ†i ). (3.61)
Written in this form, it is easy to read off the SUSY equation of motion by extremizing the action
with respect to Φi, yielding
−1
4
D
2
Φ†i +W i = 0, (3.62)
where the first term is familiar from Eq. (3.15) and last term should be thought of as a full superfield.
The lowest component of this expression is just the familiar F †i = −Wi from Eq. (3.37). The θ (θ2)
component yields the fermion (boson) equations of motion.
For a heavy supersymmetric threshold, − 14D
2
Φ†i ≈ 0 at low energies:〈
F †i
〉
= 0,
〈
σ · ∂ψi
〉 ≈ 0, 〈φi〉 ≈ 0. (3.63)
Therefore, up to D2 terms suppressed by the Φi mass, we can integrate out the field Φi at tree-level
by simply imposing W i = 0 on superfields.
Let us try this out with three superfields N , L, and H:
K = N †N +L†L+H†H, (3.64)
W =
1
2
mN2 + λNLH. (3.65)
Here, N is a heavy state we wish to integrate out to get the low energy effective theory for L and H.
Ignoring − 14D
2
N †, the equation of motion for N is simply
∂W
∂N
= mN + λLH = 0 ⇒N = − λ
m
LH. (3.66)
Below the scale m, the leading theory is
Keff =
λ2
m2
(LH)†(LH) +L†L+H†H +D2 terms, (3.67)
W eff = − λ
m
L2H2. (3.68)
In the SUSY SM, this effective superpotential can be used to describe (Majorana) neutrino masses.
Here is another example with four superfields:
K = N †N +N c†N c +L†L+H†H, (3.69)
W = mNN c + λNLH. (3.70)
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Here, the superscript c is just a label to say that N and N c are different fields with complex conjugate
quantum numbers. The low energy equations of motion for N and N c are
WN = mN
c + λLH = 0, (3.71)
WNc = mN = 0. (3.72)
Below the scale m, the effective lagrangian is
Keff =
λ
m2
(LH)†(LH) +D2 terms, (3.73)
W eff = 0. (3.74)
As we will discuss further in the next subsection, we could have guessed that W eff would be zero
because there is a U(1) symmetry under which the combination LH has non-zero charge (and the
superpotential must be a holomorphic function, so we cannot have (LH)(LH)† in W ).
This trick of superspace equations of motion is often helpful for finding UV completions of low
energy effective theories. Higher-dimension interactions can be generated by integrating out heavy
fields, though one must always be mindful of the potential effects of − 14D
2
Φ†i terms which we have
neglected in this analysis. Of course, in order to recover all the relevant physics, we often have to
integrate out fields at loop level as well, and we will see how to do that in certain cases with our third
super-trick in Sec. 4.6.
3.8 Global Symmetries
In the next lecture, we will talk about gauge theories, so it is natural to first think about how global
symmetries work in SUSY lagrangians. One can have a U(1) transformation acting on the whole
superfield:
Φ→ eiqα. (3.75)
This implies every component of Φ has charge q:
θ0 θ1 θ2
Φ φ
√
2ψ F
U(1) q q q
(3.76)
This can be used to constrain the form of the superpotential, for example. A term 12mN
2 in the
superpotential has no U(1) symmetry, but mNN c respects a U(1) symmetry if N and N c have equal
and opposite charges. Similarly, one can consider chiral superfields which come in representations of
non-Abelian global symmetries.
Another type of global symmetry is a U(1)R symmetry, which does not commute with SUSY.
Under a U(1)R rotation, the superspace coordinates themselves transform, with θ (θ) having R-charge
+1 (−1). This implies that Dα (Dα˙) has R-charge −1 (+1), that the superpotential W has R-charge
2, and that different components of Φ have different charges:
θ0 θ1 θ2
Φ φ
√
2ψ F
U(1)R r r − 1 r − 2
(3.77)
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SU(3) SU(2) U(1)
Q 3 2 + 16
U c 3¯ 1 − 23
Dc 3¯ 1 + 13
L 1 2 − 12
Ec 1 1 +1
Hu 1 2 +
1
2
Hd 1 2 − 12
Table 3.1. Quantum numbers of the MSSM.
In the context of SUGRA, R-symmetries are always broken, because the gravitino mass parameter
m3/2 has R-charge −2. But to the extent that m3/2 is small (which may or may not be the case),
U(1)R symmetries can be good symmetries of SUSY lagrangians.
As an example of how symmetries can constrain a superpotential, consider a theory with (global)
SU(3), SU(2), and U(1) symmetries containing superfields with quantum numbers given in Table 3.1.
Though these lectures are not supposed to cover topics of phenomenological relevance, this example
was carefully chosen (and the fields appropriately named) to have the same symmetry structure as the
MSSM, albeit for only one generation.
The leading relevant and marginal interactions are given by terms in the superpotential of up to
dimension 3, which could include
W ⊃ µHuHd + λuQU cHu + λdQDcHd + λeEcLHd. (3.78)
The fermions and scalars in the H superfields (the Higgs bosons and higgsinos) receive a supersym-
metric mass from the µ mass term. If Hu and Hd get vevs in their lowest component, the other
three superpotential terms then yield masses for the up-type quarks, down-type quarks, and leptons,
respectively. As the superpotential must be holomorphic, we need at least two Higgs doublets in order
to give masses to all fermions.14
As written, this superpotential obeys two additional global U(1) symmetries: a baryon number
symmetry under which Q and U c/Dc have opposite charges, and a lepton number symmetry under
which L and Ec have opposite charges. However, we can easily write down terms that do not respect
these symmetries:
W ⊃ ρLHu + λ(1)QDL+ λ(2)UDD + λ(3)LLE. (3.79)
With only one generation, the last two terms vanish (since the SU(2) and SU(3) indices are contracted
antisymmetrically), but they are relevant in the SUSY SM with three generations. If one wanted to
forbid all of these terms, one could impose baryon and lepton number symmetries explicitly.
Alternatively, one could use a U(1)R symmetry to forbid the terms in Eq. (3.79). If one gives the
Higgs doublets an R-charge of 1, and all other superfields an R-charge of +1/2, the problematic terms
are forbidden since the resulting superpotential would not have an R-charge of 2. We do not even need
a full R-symmetry to achieve the same effect, which is desirable as we generally expect continuous
R-symmetries to be broken by SUSY-breaking effects (or by m3/2 if nothing else; see Sec. 5.11). The
14In the actual MSSM with gauge interactions, the same argument can be made on the basis of anomaly cancellation.
One can have a single active Higgs doublet in the presence of higher-dimensional interactions [27–30].
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R-symmetry contains a discrete Z2 subgroup called R-parity, under which the Higgs doublets have
R-parity +1 and the other multiplets have R-parity −1. This is sufficient to forbid the terms in
Eq. (3.79).
Of course, higher-dimension terms may be of interest or pose problems. The superpotential may
contain a LHuLHu term which gives rise to neutrino masses; we saw in Eq. (3.68) that this could
arise from integrating out a heavy multiplet (i.e. the right-handed neutrino). With three generations,
the superpotential could also contain a term like QQQL, which is R-parity even but violates both
baryon and lepton number.
4 SUSY Gauge Theories
In this lecture, we will derive the lagrangian for SUSY gauge theories, starting from a discussion
of gauge redundancy and the vector superfield. We focus on Abelian gauge theories, with a quick
discussion of the non-Abelian case in Sec. 4.5. Using the super-trick of background superfields, we
will be able to derive important one-loop effects including the Konishi anomaly. We end with a brief
discussion of spontaneous gauge symmetry breaking.
4.1 Gauge Redundancy and Gauge Invariance
In order to describe a massless spin-1 field in non-SUSY theories, we introduce a gauge redundancy
under which
Aµ(x)→ Aµ(x) + ∂µα(x) (4.1)
describes the same physics. It is worth remembering that Eq. (4.1) is not a true symmetry of the
theory (though we often call it a “gauge symmetry”), since it does not package physical states into
multiplets with shared properties. Indeed, one can gauge fix the theory (e.g. to Coulomb gauge) to
remove the redundancy at the expense of making the theory look non-Lorentz-invariant. The purpose
of gauge redundancy is to allow for a manifestly local and Lorentz-invariant description of a massless
spin-1 field.
The same thing will happen in SUSY lagrangians with massless spin-1 fields, except in order to
make SUSY manifest, we will have to introduce even more redundancy. To see the reason for this,
consider the action of a U(1) gauge transformation acting on a chiral superfield:
Φ→ eiqα(x)Φ. (4.2)
As discussed in Sec. 2.7, because α(x) is a spacetime-dependent scalar and not a superfield, Φ is no
longer a superfield after this gauge transformation. In order to maintain manifest SUSY, we would
like to promote the gauge parameter to a full superfield
Φ→ eqΩΦ. (4.3)
To make sure that Φ remains a chiral superfield, we need Ω to also be a chiral superfield (DΩ = 0),
whose lowest imaginary component is the ordinary gauge parameter. A theory that is invariant under
Eq. (4.3) will have a high degree of redundancy, but we can always gauge fix the theory to remove the
extra redundant modes.
With this augmented gauge transformation, the kinetic term in Eq. (3.32) is clearly not invariant
under U(1) transformations:
Φ†Φ→ Φ†eq(Ω†+Ω)Φ. (4.4)
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However, we can compensate for this by introducing a vector superfield V = V † that transforms under
a gauge transformation according to
V → V − Ω + Ω
†
2
. (4.5)
In this way, the gauge-invariant kinetic term is given by
Lkinetic =
∫
d4θΦ†e2qV Φ. (4.6)
The vector superfield V contains a spin-1 gauge field with the desired gauge transformation property
in Eq. (4.1). It also contains a spin-1/2 gaugino, an auxiliary D component, as well as a number of
redundant components that can removed by choosing the appropriate gauge fixing for Ω.
4.2 The Vector Multiplet
A generic vector superfield satisfying V = V † can be written as
V =
θ0 θ1 θ2
θ
0
c χα N
θ
1
χα˙ Aµ λ
α˙ − i2 (σµ∂µχ)α˙
θ
2
N† λα − i2 (σµ∂µχ)α 12D − 14c
(4.7)
where c is a real scalar field, χ is a spin-1/2 Weyl fermion, N is a complex scalar field, Aµ is a
spin-1 gauge boson, λ is a spin-1/2 gaugino, and D is a real scalar auxiliary field.15 Many of these
components are redundant, since they can be removed by performing the transformation in Eq. (4.5)
with
Ω = {c,
√
2χα, 2N}. (4.8)
This is known as fixing to Wess-Zumino gauge, where the remaining components of V are
V WZ =
θ0 θ1 θ2
θ
0
0 0 0
θ
1
0 Aµ λ
α˙
θ
2
0 λα
1
2D
(4.9)
The only remaining redundancy in Ω that Eq. (4.8) does not fix is Ω = iα(x), which acts like
Aµ → Aµ + ∂µα(x) because16
Ω = iα(y) ⇒ Ω + Ω
†
2
= −θσµθ∂µα(x). (4.10)
Thus, the physical modes in the vector multiplet are a massless spin-1 gauge field Aµ as well as the
spin-1/2 gaugino λ and the auxiliary field D.
Wess-Zumino gauge explicitly breaks SUSY in the sense that Eq. (4.9) is not a superfield, because
it has “arbitrary” zeroed out entries (see Sec. 2.7). That said, after a SUSY transformation, one can
perform a compensating gauge transformation to restore the Wess-Zumino form. For determining
15It is unfortunate that the same symbol D is used for the SUSY-covariant derivative.
16This explains the need for the funny factor of 2 in Eq. (4.5).
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gauge-invariant and SUSY-invariant lagrangians, we treat V as a true superfield, but when expressing
V in components, we will always use Wess-Zumino gauge.
If instead we wished to describe a massive spin-1 particle, then the modes in Ω are no longer
redundant and there are additional propagating modes. We will discuss this further in Sec. 4.9.
4.3 Gauge-Invariant SUSY Lagrangians
Armed with the gauge transformation properties of chiral and vector multiplets, we can write down
gauge-invariant SUSY lagrangians. We have already argued for the form of the gauge-invariant kinetic
term for chiral multiplets in Eq. (4.6). Expanding out in (Wess-Zumino gauge) components,
Lkinetic =
∫
d4θΦ†e2qV Φ
= ∇µφ†∇µφ+ iψσµ∇µψ + F †F
−
√
2q(φ†ψλ+ φψλ) + qφ†φD,
(4.11)
where ∇µ = ∂µ − iqAµ is the familiar gauge-covariant derivative for a field of charge q.17 In the last
line of Eq. (4.11), the first term corresponds to matter couplings to gauginos, and the second term will
affect the scalar potential after integrating out the auxiliary field D. Interestingly, SUSY has related
the gauge boson coupling to the gaugino coupling (and the size of the D-term potential).
Next, we wish to write down the SUSY version of the field strength tensor. We need an object
that is simultaneously gauge invariant and a proper superfield and has the field strength Fµν as one
of its components. While V itself is a vector superfield, it is not gauge invariant.18 To form a gauge-
invariant superfield, we use the super-trick from Sec. 2.8 of creating new superfields by acting with
the SUSY-covariant derivative. Under a gauge transformation and using the fact that Ω† is anti-chiral
(DαΩ
† = 0)
DαV → DαV + DαΩ
2
, (4.12)
so while this is not gauge invariant, we have removed much of the gauge dependence. Adding D and
using Eq. (2.82),
Dβ˙DαV → Dβ˙DαV + i(σ · ∂)αβ˙Ω. (4.13)
The resulting object is still not gauge invariant, but adding one more D will do the job:
− 1
4
D
2
DαV → −1
4
D
2
DαV + i(σ · ∂)αβ˙D
β˙
Ω = −1
4
D
2
DαV . (4.14)
Thus, we define the gauge-invariant chiral superfield
Wα ≡ −1
4
D
2
DαV . (4.15)
This superfield carries a Lorentz index (as anticipated in Sec. 2.4), and it is manifestly chiral (D
β˙
Wα =
0) because D
3
= 0. Despite using the symbol W , Wα is unrelated to the superpotential from
Eq. (3.33).
17We are working in a non-canonical normalization where the gauge coupling appears in Eq. (4.20).
18If there were no gauge symmetry, i.e. a massive gauge boson, a term like
∫
d4θm2V 2 would be allowed. See Sec. 4.9.
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Because Wα is a chiral multiplet, we can express its components using the y
µ coordinate from
Eq. (3.3). Because it is gauge invariant, the components in any gauge are
θ0 θ1 θ2
Wα(y
µ, θ) λα θαD +
i
2 (σ
µσνθ)αFµν iθ
2(σµ∂µλ
†)α
(4.16)
where Fµν = ∂µAν − ∂νAµ is the ordinary field strength.
In order to get the gauge kinetic term, we need a term quadratic in Wα (so it is automatically
gauge-invariant) and Lorentz-invariant. The only option is∫
d2θW αWα, (4.17)
whose component expansion is
2iλσµ∂µλ+D
2 − 1
2
FµνF
µν +
i
4
µνρτFµνFρτ . (4.18)
The first term is the gaugino kinetic term, the second term shows that D is an auxiliary field, the
third term is the gauge boson kinetic term, and the last term corresponds to the CP-violating Θ term.
To get from Eq. (4.16) to Eq. (4.18), we have used the sigma matrix trace relation:
Tr(σµσνσρστ ) = 2(ηµνηρτ − ηµρηντ + ηµτηνρ + iµνρτ ). (4.19)
Forming a hermitian lagrangian and introducing an overall normalization, the SUSY gauge kinetic
term is
Lkinetic,gauge =
∫
d2θ
(
1
4g2
− iΘCP
32pi2
)
W αWα + h.c. (4.20)
whose component expansion is
− 1
4g2
FµνF
µν +
1
g2
iλσµ∂µλ+
1
2g2
D2 +
ΘCP
64pi2
µνρτFµνFρτ . (4.21)
We are using the non-canonical normalization where the gauge coupling appears in the gauge boson
kinetic term (and by SUSY, also in the gaugino kinetic term and auxiliary D term), not in its couplings
to matter. This normalization will be of great help when discussing background superfields in Sec. 4.6.
To use canonical normalization instead, simply redefine
V → gV , (4.22)
or equivalently do the same for every component of V . The ΘCP term in Eq. (4.21) corresponds to a
total derivative and has no physical relevance for an Abelian gauge symmetry (but defines the vacuum
in a non-Abelian theory).
Putting the pieces together, the lagrangian for a renormalizable Wess-Zumino model with a U(1)
gauge symmetry is
LWZ =
∫
d4θ
∑
i
Φie2qiV Φ†i
+
∫
d2θW (Φi) + h.c.
+
∫
d2θ
1
4g2
W αWα + h.c.
(4.23)
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where the field Φi has charge qi and the superpotential W (Φi) must be U(1) invariant. After inte-
grating out the F and D auxiliary fields (and passing to a canonical basis for the gauge fields), the
scalar potential of the theory is
V = F i†F i +
1
2
D2 = WiW
†i +
1
2
g2
∣∣∣∣∣∑
i
qiφ
†
iφ
i
∣∣∣∣∣
2
. (4.24)
4.4 Additional Gauge-Invariant Operators
In the spirit of Sec. 3.5, we would like to write down additional higher-dimension (and gauge-invariant)
operators that would appear in a low energy effective theory. By power counting
[V ] = 0, [Wα] = 3/2, (4.25)
and recall that [d2θ] = 1 and [d4θ] = 2.
First, using Eq. (2.100), the following dimension-2 term is actually gauge invariant in the Abelian
case
LFI =
∫
d4θ κV . (4.26)
This is called a Fayet-Iliopoulos (FI) term, and we will encounter it again in Sec. 5.6 when we discuss
SUSY breaking.
Another potential gauge-invariant term at dimension 4 is∫
d4θDαWα = 0. (4.27)
There are two ways to see why this vanishes. First, this is a total SUSY-covariant derivative, so it
vanishes by Eq. (3.31). Second, the combination L ≡ DαWα is a linear superfield because D2L = 0
and L† = L (see Eq. (2.94)). The action
∫
d4θL vanishes since
∫
d4θL = − 14
∫
d2θD
2
L = 0.
At dimension 5, there are two types of terms, but only one of them is non-zero:19
1
Λ
∫
d2θΦW αWα,
1
Λ
∫
d4θ DαWαΦ = 0. (4.28)
As with the superpotential and Ka¨hler potential, it is convenient to introduce the gauge kinetic function
f(Φi) to capture the first type of term ∫
d2θ f(Φi)W αWα. (4.29)
The gauge kinetic function is a holomorphic function of chiral superfields (and therefore a chiral
superfield itself), whose lowest real component is 1/4g2. We will address f(Φi) extensively in Secs. 4.6
and 4.7, with subtleties related to holomorphy discussed in Sec. 4.8.
Here are some representative terms at dimension 6:
1
Λ2
∫
d2θΦ1Φ2W
αWα,
1
Λ2
∫
d4θDαWαΦ
†
1Φ2, (4.30)
1
Λ2
∫
d4θW ασµαα˙∂µW
†α˙,
1
Λ2
∫
d4θΦ†W αWα. (4.31)
The first term is already captured by the gauge kinetic function f(Φi), while the others are genuinely
new terms which would appear in any realistic effective lagrangian.
19Because DαWα is a linear superfield,
∫
d4θ DαWαΦ
† is just the complex conjugate of the second term.
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4.5 The Non-Abelian Case
Thus far, we have only discussed Abelian gauge theories. Non-Abelian groups involve more algebra,
but the basic physics is the same. For each gauge boson Aaµ where a labels the gauge generator T
a,
we need a separate vector multiplet V a and gauge transformation parameter Ωa:
V a → V a − Ω
a + Ωa†
2
+ . . . (4.32)
Using the shorthand V ≡ V aT a and Ω = ΩaT a, the full non-linear gauge transformation is
e2V → e−Ω†e2V e−Ω. (4.33)
The gauge covariant object
Wα ≡ −1
8
D
2 (
e−2V Dαe2V
)
(4.34)
transforms in the adjoint representation of the gauge group as
Wα → eΩWαe−Ω, (4.35)
while chiral matter fields transform as
Φ→ eΩaTaΦΦ, (4.36)
where T aΦ are the generators corresponding to the appropriate representation of Φ.
The combination Tr(W αW α) =
1
2W
αaW aα is gauge invariant
20 and the gauge kinetic lagrangian
is given by
Lgauge =
∫
d2θ
(
1
4g2
− iΘCP
32pi2
)
W αaW aα + h.c. (4.37)
while the matter kinetic terms are
Lkinetic =
∫
d4θΦ†e2V Φ. (4.38)
Note that the ΘCP term is physical for a generic non-Abelian gauge group. Also, notice that the
Fayet-Iliopoulos term from Eq. (4.26) is not allowed for non-Abelian gauge groups.
For doing phenomenological studies (such as for the SUSY SM) the typical starting point is:
L =
∫
d4θK(Φ†ı¯e2V ,Φj)
+
∫
d2θW (Φi) + h.c.
+
∫
d2θ fab(Φ
i)W αaW bα + h.c.
+Dα, ∂µ terms.
(4.39)
where K is the Ka¨hler potential, W the superpotential, and fab is the gauge kinetic function (now
with generator indices).
20We use the usual normalization for generators Tr(TaT b) = 1
2
δab.
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4.6 Super-trick #3: Background Superfields
Our third super-trick is to use the background field method to calculate otherwise tedious one-loop
effects directly in superspace. In non-SUSY theories, background fields are a powerful technique to
calculate effective actions for scalar fields [31]. The basic idea is to treat any scalar φ(x) as if it were a
constant φ0 and calculate the effective action in the background φ0. Up to derivative terms like ∂µφ,
the resulting action for the φ0 background can be lifted to an action for the full φ(x).
In SUSY theories, this technique becomes even more powerful since the action for a constant φ0
background can be lifted to an action for a full superfield Φ. Of course, in general the lagrangian can
depend on
L(Φ, ∂µΦ, DαΦ, . . .), (4.40)
and the background field method misses dependence involving derivatives on superfields. In practice,
this is not too much of a limitation, since the Ka¨hler potential, superpotential, and gauge kinetic
functions are functions only of superfields and not their derivatives.21
As an example of using the background field method, consider a gauge theory with a massive
“quark” QQc coupled to a chiral superfield X:
W = mQQc + λXQQc. (4.41)
Assuming that 〈X〉 = 0, the quark is heavy and we can integrate it out of the spectrum. The tree-level
equations of motion for Q and Qc simply tell us that 〈Q〉 = 〈Qc〉 = 0, so we need to go to loop-level
to find a non-trivial effective Lagrangian below the quark mass threshold m. In particular, we would
like to know if any operator of the type
1
Λ
∫
d2θXW αWα (4.42)
is generated after integrating outQQc. Using the background field method, we can replaceX with the
background scalar field x0 and ask whether
∫
d2θ x0W
αWα is generated. This in turn is equivalent
to asking whether the gauge coupling for the U(1) gauge boson has any dependence on x0.
Consider the running of the gauge coupling at one loop. Suppose g(Λ) is the value of the gauge
coupling at some high energy scale Λ above the quark mass scale m. Then at some energy µ < m, the
low energy gauge coupling will be
1
g2(µ,m)
=
1
g2(Λ)
+
b0
8pi2
log
Λ
m
+
b1
8pi2
log
m
µ
. (4.43)
Here, b0 is the one-loop beta-function at energies m < E < Λ, which includes Q,Q
c as degrees of
freedom, while b1 is the beta-function at energies µ < E < m where Q, Q
c have been integrated out.
In particular, the b coefficients are defined by
dα
d logE
=
b
2pi
α2 (4.44)
at the appropriate scale E, where α = g
2
4pi .
Turning on a background value of x0 is equivalent to shifting m→ m+λx0. Using the background
field method, we can lift m to have dependence on the full superfield X via
m→ m+ λX. (4.45)
21An important exception shows up in the case of SUSY breaking, where
〈
D2Φ
〉 6= 0, so the background field method
can miss certain important SUSY-breaking effects.
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This in turn allows us to analytically continue the gauge coupling into superspace [32–34] by promoting
the gauge coupling to a chiral superfield (i.e the gauge kinetic function):
f(X) =
1
4g2(µ,m+ λX)
=
1
4g2(µ,m)
− λ(b0 − b1)
32pi2
X
m
+O
(
X2
m2
)
. (4.46)
Indeed, the operator of Eq. (4.42) is generated with a coefficient proportional to the differences of beta
functions.
Leff ⊃
∫
d2θ
(
1
4g2(µ,m)
− λ(b0 − b1)
32pi2
X
m
)
W αWα + h.c. (4.47)
A few comments are in order about this result:
1. If 〈FX〉 6= 0, then a gaugino mass is generated in Eq. (4.47). Indeed this is an example of soft
SUSY-breaking terms generated through gauge mediation. In Refs. [32–34], the background
superfield method was used extensively to recover different types of soft SUSY-breaking terms
generated by integrating out some high-energy dynamics, including two-loop (and higher) effects.
2. The background superfield method only catches leading terms in the effective Lagrangian. In
particular terms involving DαX and ∂µX can not be recovered with this method, as Dαm = 0
and ∂µm = 0.
3. Since m is just a real parameter, one might wonder why we made the replacement m→ m+λX
as opposed to m → m + λX† or m →
√
(m+ λX)(m+ λX†). Ultimately, holomorphy of the
gauge kinetic function forbids any alternative replacements, though we will discuss subtleties of
this argument in Sec. 4.8.
4. The background superfield method has nothing in particular to do with SUSY and it can be
used in ordinary non-SUSY theories as well. For instance, if we want to calculate the coupling
of the Higgs boson to two gluons in the SM, we can apply the same procedure as above. In this
case, µ ' mh ' 125 GeV and in running from the high scale Λ down to the Higgs mass, the top
mass mt = λtvEW is the only threshold we cross. The low energy effective lagrangian is
Leff = − 1
2g2S(µ,mt)
Tr (GµνGµν) , (4.48)
where Gµν is the gluon field strength and
1
g2S(µ,mt)
=
1
g2S(Λ)
+
b0
8pi2
log
Λ
mt
+
b1
8pi2
log
mt
µ
. (4.49)
The top mass depends on the background (physical) Higgs boson h0 as
mt −→ mt + λt√
2
h0, (4.50)
so after integrating out the top quark we generate an operator
Leff ⊃
√
2g2S(mh)
48pi2vEW
h0Tr (G
µνGµν) , (4.51)
where Gµν is now canonically normalized. This operator gives the leading contribution to the
Higgs-gluon-gluon vertex, with contributions coming from loops of lighter particles of mass m
suppressed by powers of m/mh. It exhibits the famous non-decoupling effect that the top con-
tribution is independent of λt for mt  mh0 .
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4.7 The Konishi Anomaly
We can use the background field method to understand other loop-level effects, such as the Konishi
anomaly [35, 36]. Recall that in a non-SUSY U(1) gauge theory with fermions ψ (ψc) with charges
+1 (−1), the chiral rotation
ψ → e+iαψ, ψc → e+iαψc, (4.52)
is anomalous. This means that if we perform the chiral rotation with a constant value of α, we must
include an anomaly term to recover the same physics.
L(ψ,ψc)→ L(e+iαψ, e+iαψc) + α
64pi2
µνρτFµνFρτ . (4.53)
We can use the background field method to understand what happens if α→ α is promoted to a
superfield. Consider the chiral rotation
Φ→ eαΦ, Φc → eαΦc, (4.54)
where α, Φ, and Φc are all chiral multiplets. This is a valid field redefinition since it leaves the
one-particle asymptotic states unchanged. However, this chiral rotation is anomalous, so to reflect the
anomaly (while maintaining manifest SUSY) we must have
L(Φ,Φc)→ L(eαΦ, eαΦc) + 1
16pi2
∫
d2θαW αWα + h.c. (4.55)
The last term, which is a generalization of the familiar chiral anomaly, is known as the Konishi
anomaly. The imaginary component of α corresponds to Eq. (4.53), while the other components give
new effects required by SUSY.
To see the Konishi anomaly in action, consider the lagrangian
L =
∫
d4θ (Q†e2VQ+Qc†e−2VQc)
(
1 +
X
Λ
+
X†
Λ
+ · · ·
)
+
(∫
d2θmQQc +
∫
d2θ
1
4g2
W αWα + h.c.
)
.
(4.56)
When we integrate out Q and Qc at the mass scale m, we might wonder if a one loop XW αWα
coupling is generated. Since X and X† only appear in the combination X +X†, holomorphy of the
gauge kinetic function would forbid such a term. We can easily check this using the Konishi anomaly.
By performing a field redefinition
Q→ Qe−X/Λ, Qc → Qce−X/Λ, (4.57)
we can remove the linear term X +X† in the Ka¨hler potential, but this changes the superpotential
mQQc → me−2X/ΛQQc. (4.58)
In addition, because of the Konishi anomaly, we also get a term
1
4g2(Λ)
→ 1
4g2(Λ)
− 1
16pi2
X
Λ
. (4.59)
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Integrating out Q,Qc using the background field method, at energies µ < m we have
1
4g2(µ,me−2X/Λ)
− 1
16pi2
X
Λ
=
1
4g2(µ,m)
− b0 − b1
32pi2
2X
Λ
+O(X2)− 1
16pi2
X
Λ
=
1
4g2(µ,m)
+O(X2),
(4.60)
where b0 − b1 = −1 for integrating out Q and Qc.22 By properly including the Konishi anomaly, we
get no XW αWα coupling as expected from holomorphy.
23
4.8 Holomorphy and its Subtleties
Holomorphy is a powerful tool to constrain the form of terms in the
∫
d2θ part of a SUSY action.
Because the
∫
d2θ term only leads to a SUSY-invariant action if the integrand is a chiral superfield,
this dramatically reduces the possibilities for what can appear in
∫
d2θ terms.
The most celebrated applications of this principle are in superpotential non-renormalization theo-
rems [39, 40]. The superpotential W must be a function of chiral superfields only and therefore must
be holomorphic. The same restrictions also apply to couplings if one promotes them to spurions, such
that a coupling λ but not its complex conjugate λ can appear in the superpotential. If one also charges
the λ spurion under U(1)R and ordinary global symmetries, there cannot be arbitrary functions of λ
in the superpotential. In fact, by ensuring that the theory has sensible limits, one can show that no
new appearances of the couplings in the superpotential are induced by quantum corrections. That
is, couplings in the superpotential do not run under perturbative renormalization group flow (though
there may be non-perturbative corrections due to instantons).
Similar arguments apply to gauge theories, whose kinetic Lagrangian can also be expressed as a
d2θ integral. We can promote the gauge coupling (and ΘCP angle) to a spurion S
L ⊃
∫
d2θSW αWα. (4.61)
In general, one might think that S could change into an arbitrary chiral multiplet under renormaliza-
tion group flow. However, the lowest imaginary component of S is ΘCP, which cannot have any effect
on physics in perturbation theory.24 Insisting on a well-defined zero-coupling limit (g → 0, S →∞),
the only allowed change under renormalization group flow is [34]
S → S + constant, (4.62)
which is how the gauge coupling runs at one loop (see Eq. (4.43)). Higher-loop contributions are
prohibited by holomorphy plus ΘCP, so the beta function is saturated at one loop.
25
The subtlety of using such holomorphy arguments, though, is that some effects that would be
forbidden in
∫
d2θ terms can appear in
∫
d4θ terms. For example, in the lagrangian∫
d4θΦ†Φ +
(∫
d2θ (mΦ2 + λΦ3) + h.c.
)
, (4.63)
22The beta function contributions from a chiral multiplet include those from both the scalar and fermion components.
23If m = 0 there is no cancellation between the Konishi anomaly and the gauge coupling threshold effect, and the
resulting term is related to an effect called “anomaly mediation” [37, 38].
24Non-perturbative corrections to the gauge coupling due to instantons are allowed.
25Note that we cannot give V any global U(1)R charge as we did for fields and couplings in the superpotential. In
any interacting gauge theory, V always appears in the form eV somewhere, so V cannot have R-charge. This similarly
implies S cannot have R-charge, so we cannot use such arguments to rule out the constant in Eq. (4.62).
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we know by holomorphy that the (holomorphic) m and λ do not run at any loop order. However,
since the Ka¨hler potential is not holomorphic, there is no restriction on wavefunction renormalization
Φ†Φ→ Z(µ)Φ†Φ, (4.64)
and via a field rescaling Φ→ Φ/√Z(µ), the physical values of m and λ do run
m→ m
Z(µ)
, λ→ λ
Z(µ)3/2
. (4.65)
Of course, holomorphy is still extremely powerful for telling us that the combination m3/λ2 is invariant.
A similar subtlety relates to the argument that the (holomorphic) gauge coupling only runs at
one-loop. Consider the effect of the field rescaling Φ → Φ/√Z(µ). Via the Konishi anomaly in
Eq. (4.55), scaling Φ by a real number changes the effective gauge coupling, and since Z(µ) runs at all
loop order, the (physical) gauge coupling must as well. The solution to this is contained in the NSVZ
beta function [41–43], which differentiates the canonical gauge coupling from the holomorphic gauge
coupling [44–47].
With respect to the arguments presented in Secs. 4.6 and 4.7 using background field methods, we
used holomorphy to argue that the gauge kinetic function should only be a function of X and not X†,
which let us unambiguously continue the background value x0 →X. This logic (which is still correct)
assumed that we had to write the gauge kinetic term in the form
∫
d2θ fW αWα. Consider, though,
an alternative way to write the gauge kinetic term∫
d2θ
1
4g2
W αWα + h.c. =
∫
d4θ
1
4g2
(
W αDαV +W
†
α˙D
α˙
V
)
, (4.66)
which can be verified by using the equivalence of
∫
d4θ and
∫
d2θ
(
− 14D
2
)
. This second expression is
fully gauge-invariant (for the same reason that the second term in Eq. (4.28) vanished), so one might
worry that we could analytically continue 1/g2 in an alternative way. Luckily, this argument does not
hold and the right-hand side of Eq. (4.66) is not gauge-invariant for a generic superfield-valued 1/g2,
so the logic in Secs. 4.6 and 4.7 is still correct, albeit for subtle reasons.
Finally, note that we can write down a gauge-invariant, non-local expression in superspace∫
d4θ
1
4g2
W α
D
2
8Wα, (4.67)
which can be shown to be equivalent to Eq. (4.66) using the chiral projector from Eq. (2.97). Here,
1/g2 can be lifted to a real vector superfield, in which case the correct analytic continuation is not
m → m + λX but m →
√
(m+ λX)(m+ λX†). Because of the logarithmic structure of the one-
loop beta function, however, this way of writing the gauge kinetic term yields the same answer as
Eq. (4.47). The reason for the equivalence is ultimately due to holomorphy, albeit now in a hidden
form. See Ref. [34] for further discussion.
4.9 Spontaneously Broken Gauge Theories
Before tackling SUSY-breaking theories in the next lecture, we want to briefly mention spontaneously
broken gauge theories. Consider the SUSY lagrangian of a gauge theory with a chiral multiplet Q
(Qc) with U(1) charge +1 (−1), and a neutral chiral multiplet N . The superpotential for this theory
is
W = λN
(
QQc − µ2) . (4.68)
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By the N equation of motion (assuming SUSY is to remain unbroken)
∂W
∂N
= λ(QQc − µ2), (4.69)
so for this to equal 0, both Q and Qc must get vacuum expectation values which break the U(1)
symmetry. (In fact, by the D-term equations of motion, 〈Q〉 = 〈Qc〉.) This will yield a spontaneously
broken massive gauge theory.
To better understand the physics, consider the field redefinitions
Q ≡ (µ+R)eΦ, Qc ≡ (µ+R)e−Φ, (4.70)
where R and Φ are chiral multiplets. The superpotential in these fields is
W = 2λµNR+ λNR2, (4.71)
showing that N and R get a mass of 2λµ. Note that the field Φ does not appear in the superpotential,
since under the gauge transformation of Eq. (4.3), it transforms as a shift
Φ→ Φ + Ω. (4.72)
Focusing only on the (as of yet massless) Φ field, the kinetic terms for Q and Qc become∫
d4θQ†e2VQ+Qc†e−2VQc →
∫
d4θ µ2
(
e2V +Φ
†+Φ + e−(2V +Φ
†+Φ)
)
. (4.73)
We can use our gauge redundancy with Ω = Φ to set all of the components of Φ to zero, resulting in∫
d4θ 4µ2V 2 + . . . (4.74)
As we can no longer use the gauge redundancy to go to Wess-Zumino gauge, this is a mass term for all
of the components of the vector multiplet. It contains a massive gauge boson, a Dirac fermion (formed
from the two Weyl fermions in V , χ and λ), and a real scalar c. Going to canonical normalization,
they all have a mass of 2gµ. Effectively, the now-massive spin-1 gauge boson has “eaten” the lowest
imaginary component of Φ, leaving one real scalar that gets the same mass because of SUSY.
5 SUSY Breaking and Goldstinos
In this lecture, we discuss the physics of spontaneous SUSY breaking, including the standard SUSY
breaking paradigm of a hidden sector coupled to a visible sector. After giving a few explicit examples
of SUSY breaking theories, we highlight the important role of the goldstino and demonstrate a super-
trick to calculate the goldstino couplings to matter. We conclude with a brief discussion of SUSY
breaking in SUGRA.
5.1 Spontaneous SUSY Breaking
Thus far, we have emphasized the development of SUSY from a superspace lagrangian point of view.
To understand the basics of SUSY breaking, it is helpful to think in a state/operator language. If
the ground state |0〉 of a theory preserves SUSY, this means that a SUSY transformation leaves the
vacuum invariant
e−iQ−i¯Q |0〉 = |0〉 , (5.1)
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or equivalently
Qα |0〉 = 0, Qα˙ |0〉 = 0 (SUSY vacuum). (5.2)
If the ground state spontaneously breaks SUSY, this means that the vacuum shifts under a SUSY
transformation,
Qα |0〉 6= 0 (SUSY-breaking vacuum). (5.3)
We would like to find simple criteria to determine whether or not SUSY is spontaneously broken.
It is instructive to consider the vacuum energy of the theory. Using the SUSY algebra in Eq. (2.73),
the Hamiltonian H = P0 of a SUSY theory is
H =
1
4
(Q1Q1 +Q1Q1 +Q2Q2 +Q2Q2). (5.4)
If SUSY is unbroken, then by Eq. (5.2)
〈H〉 = 〈0|H |0〉 = 0 (SUSY vacuum), (5.5)
so the vacuum energy is zero. The converse is also true, such that a zero vacuum energy implies
Qα |0〉 = 0 and SUSY is unbroken. In contrast, if the vacuum energy is non-zero, then SUSY is
spontaneously broken in the vacuum. In fact, because each term in Eq. (5.4) is an operator squared,
〈H〉 > 0 (SUSY-breaking vacuum), (5.6)
so spontaneous SUSY breaking corresponds to a strictly positive vacuum energy.
Our world is clearly not supersymmetric (otherwise we would see sparticles around!), so if SUSY
is realized in nature, it must be spontaneously broken. By the above logic, one might conclude that
〈H〉 > 0 in our universe. Observational measures of the cosmological constant reveal that 〈H〉 ≈ 0,
though, posing a conundrum. As we will explain in Sec. 5.11, our universe must have an underlying
anti-de Sitter (AdS) SUSY, and flat space corresponds to a large breaking of that AdS4 SUSY. To
a good approximation, though, we can still use the flat space SUSY algebra for understanding the
physics of SUSY and SUSY breaking.
Beyond the vacuum energy, there is one other important way to test if SUSY is broken. Because the
mass-squared operator P 2 commutes with Qα and Qβ˙ , components of an irreducible SUSY multiplet
must have the same mass when SUSY is unbroken. More formally, mass is a Casimir invariant of
the SUSY-extended Poincare´ algebra. Therefore, mass-squared splittings between states in the SUSY
multiplet is evidence for (flat space) SUSY breaking.
Beyond simple mass splittings, there are other possible signatures of spontaneous SUSY breaking
that can appear as terms in the low-energy effective theory. These are denoted “soft SUSY-breaking
terms” because when considered by themselves, they break SUSY in a way that does not introduce
quadratic divergences. We will discuss these soft terms in more detail in Sec. 5.9.
5.2 The Vacuum Energy
Now that we know that the vacuum energy offers a robust test for SUSY breaking, we can return to
our lagrangian point of view. The vacuum energy in a global SUSY theory is governed by the scalar
potential. As we saw in Eq. (4.24), for a renormalizable gauge theory
V = F i†F i +
1
2
DaDa, (5.7)
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where (for canonically normalized gauge fields)
F i = −W †i, Da = −g(φ∗T aφ). (5.8)
If SUSY is broken, at least one F -term or D-term must have a non-zero expectation value. Conversely,
if all
〈
F i
〉
and 〈Da〉 are zero, then SUSY is unbroken.
Including the effects of a Ka¨hler potential and gauge kinetic function, the vacuum energy gener-
alizes to
V = gi¯F
iF †¯ +
1
2
(Refab)D
aDb, (5.9)
where now
F i = −gi¯W †¯ , Da = −(Ref−1)ab(KiTbφi). (5.10)
Here fab is the gauge kinetic function for non-canonically normalized gauge fields, Ki =
∂K
∂φi , and the
Ka¨hler metric gi¯ was introduced in Sec. 3.6. Even in this more general case, we see that to find
SUSY-breaking theories, we simply need to find scenarios where
〈
F i
〉 6= 0 and/or 〈Da〉 6= 0. Adding
SUSY-covariant derivatives gives additional contributions to the vacuum energy, but does not change
the requirement that SUSY breaking requires a non-zero vev for at least one auxiliary field.
5.3 The Standard SUSY-Breaking Paradigm
Before talking about explicit models that break SUSY, we do want to make a connection to some
physics of phenomenological relevance. Clearly, if SUSY is realized in nature, it must be spontaneously
broken, since we need a mass splitting between SM particles and their superpartners. Crucially,
though, experimental bounds imply that most of the superpartners should be heavier than their SM
counterparts (with a key exception being the top squark).
For renormalizable tree-level theories that spontaneously break SUSY, there is a supertrace sum
rule that says that [48]
STr(m2) ≡
∑
s
(−1)2s(2s+ 1)Tr(m2s) = −2gaTr(T a) 〈Da〉 = 0, (5.11)
where s represents the spin of the particle.26 Consider the MSSM with flavor conservation (i.e.
no mixing between scalars of different generations) and with no additional broken U(1) symmetries
involved in SUSY breaking. For the first generation of squarks, for example, since
Tr(σ3) = 0 and Yu˜L + Yu˜∗R + Yd˜L + Yd˜R = 0, (5.12)
Eq. (5.11) decouples, leading to the relation
m2u˜R +m
2
u˜L +m
2
d˜R
+m2
d˜L
= 2(m2u +m
2
d). (5.13)
If SU(3)C is to remain unbroken, this would imply light (MeV) scale superpartners, in conflict with
observation. Similar arguments exist in the presence of large flavor mixings [49], even apart from the
dangerous flavor-changing neutral currents they would introduce.
For these reasons, the standard SUSY-breaking paradigm is for SUSY to be broken in a “hidden
sector”, and the effects of SUSY breaking communicated to the SUSY SM (the “visible sector”) via
loop processes or higher-dimension operators. We draw this schematically as in Fig. 5.1. The effect of
26This last equality is obvious for a non-Abelian gauge theory with Tr(Ta) = 0. For a U(1) gauge group, the sum of
the hypercharges must vanish to avoid the gravitational anomaly.
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SSM SUSY
mediators
Hidden SectorVisible Sector
Figure 5.1. Standard paradigm of a SUSY-breaking hidden sector coupled to the SUSY SM via mediators.
SUSY breaking on the visible sector is obviously important. But the phenomenological implications
of the SUSY-breaking sector itself are typically meager (apart from the goldstino to be discussed in
Sec. 5.7). For this reason, we will not focus much on specific models of SUSY breaking. In fact, the
super-trick in Sec. 5.8 is aimed at abstracting the most important features of the hidden sector.
5.4 The Polonyi Model
The absolute simplest model of SUSY breaking is the Polonyi model of one chiral multiplet X =
{φ, ψ, F}:
L =
∫
d4θX†X +
∫
d2θ fX + h.c. (5.14)
= φ∗φ+ iψσµ∂µψ + F †F + fF + f∗F †. (5.15)
After using the equation of motion F = −f∗, the scalar potential is simply
V = |f |2, (5.16)
so for any non-zero choice of f , SUSY is broken.
This should seem surprising, since apart from the vacuum energy, X looks just like a free massless
SUSY multiplet. In particular, the mass of φ and ψ are the same. However, this model does indeed
break SUSY. To convince you, consider adding a higher-dimensional term to the Ka¨hler potential
K = X†X − (X
†X)2
4Λ2
, (5.17)
W = fX. (5.18)
The resulting scalar potential is
V = F ∗F
(
1− φ
†φ
Λ2
)
+ fF + f∗F ∗ =
|f |2
1− φ∗φΛ2
. (5.19)
This potential is minimized at 〈φ〉 = 〈φ†〉 = 0, yielding the vacuum energy 〈V 〉 = |f |2 as in Eq. (5.16).
Expanding about the potential minimum, the scalar and fermion fields have masses
m2φ =
|f |2
Λ2
, mψ = 0. (5.20)
For any finite value of Λ, we now see the mass splitting between bosons and fermions expected from
SUSY breaking. Interestingly, the fermion is still massless. In fact, as we will see in Sec. 5.7, any
SUSY-breaking theory has a goldstino, a massless Goldstone fermion arising from spontaneous SUSY
breaking.
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5.5 Obstructions to Generic F -term Breaking
The Polonyi model will be our template for SUSY-breaking models, since it contains most of the
relevant physics. While we will not focus on explicit models of SUSY breaking, we do wish to convey
that achieving generic F -term SUSY breaking is non-trivial.
Consider coupling a Polonyi field X to quarks Q, Qc:
W = fX + λXQQc. (5.21)
You might naively think that 〈FX〉 = −f∗ and one would generate SUSY mass splittings for Q,Qc.
But instead, the vacuum shifts and SUSY stays unbroken! In particular, the set of equations
WX = f + λQQ
c = 0,
WQ = λXQ
c = 0,
WQc = λXQ = 0,
(5.22)
admits solutions with 〈X〉 = 0 and 〈QQc〉 = −f/λ. At those points, all F -terms vanish so the scalar
potential V = 0 and SUSY is unbroken. With respect to the standard SUSY-breaking paradigm in
Sec. 5.3, this tendency for SUSY to get restored in the presence of interactions makes it challenging
to construct explicit models of SUSY breaking and mediation.
In general, if you have N chiral multiplets Xi and N equations of the type ∂W /∂Xi = 0 to solve,
then there is usually a solution and SUSY is unbroken in the true vacuum. To avoid this outcome,
one can consider broken SUSY in a metastable vacuum [50]. Alternatively, one has to arrange the
dynamics in such a way that the above equations cannot be simultaneously satisfied. In Ref. [51], the
presence of an R-symmetry is shown to be a necessary condition for spontaneous SUSY breaking, while
the spontaneous breaking of such an R-symmetry is sufficient to ensure spontaneous SUSY breaking.
5.6 D-term Breaking
In a generic SUSY-breaking theory, non-zero F -terms will be accompanied by nonzero D-terms. For
non-Abelian gauge theories, we can make the stronger statement that non-zero F -terms are required
in order for the D-terms to be non-zero, such that there is no pure D-term SUSY breaking for non-
Abelian gauge groups [3].
For an Abelian gauge group, one can get D-term breaking without F -term breaking by introducing
the Fayet-Iliopoulos term [52, 53] from Eq. (4.26)
L ⊃
∫
d2θW αWα −
∫
d4θ κV ⊃ 1
2
D2 − κD. (5.23)
After solving the D equation of motion, we find
D = κ, V =
1
2
κ2. (5.24)
The vacuum energy is non-vanishing, so SUSY is broken. We can see this in the spectrum by coupling
this to a pair of oppositely-charged chiral superfields with a superpotential mass term
W = mQQc. (5.25)
There is no way to make all three auxiliary fields (D, FQ, and FQc) vanish simultaneously, so SUSY
is spontaneously broken. One can confirm that for m >
√
2gκ, the minimum of the potential is still at
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the origin and the gauge symmetry remains unbroken. The gaugino and gauge boson remain massless
and there is one Dirac fermion (or two Weyl fermions) of mass m, but the scalars now have masses
of27
m2Q,Qc = m
2 ± 2gκ. (5.26)
However, Fayet-Iliopoulos terms are hard to incorporate into realistic SUGRA theories. In SUGRA,
Fayet-Iliopoulos terms correspond to having a gauged U(1)R symmetry [54, 55]. As we will see in
Sec. 5.11, demanding a U(1)R symmetry makes it difficult to achieve the negligible cosmological con-
stant observed in nature.
5.7 The Goldstino
For any model of SUSY breaking, there is one irreducible prediction: the goldstino. Just as a sponta-
neously broken global symmetry always gives rise to a Goldstone boson, spontaneous SUSY breaking
always gives rise to a Goldstone fermion. There are a couple of different ways to see the emergence of
the goldstino.
In the operator language of Sec. 5.1, consider a vacuum that breaks SUSY, such that after per-
forming a SUSY transformation, the vacuum state is changed
e−iQ−i¯Q |0〉 = |〉 . (5.27)
However, because the Hamiltonian (P0) commutes with SUSY (Q, Q), the (fermionic) state |〉 has
exactly the same energy as the vacuum state. If we now imagine performing a space-time-dependent
SUSY transformation
e−iη(x)Q−iη¯(x)Q |0〉 = |η(x)〉 , (5.28)
then the state |η(x)〉 will have a higher energy than the vacuum. But by making η(x) closer and closer
to a constant  (i.e. by making η(x) a longer and longer wavelength perturbation), we get closer and
closer to the vacuum energy. This implies that there is (at least) one gapless fermionic excitation in
the theory, namely the goldstino.
A more mechanical way to see the need for a goldstino is to consider the scalar potential (with a
trivial Ka¨hler metric and no gauge interactions, for simplicity):
V = W †iWi. (5.29)
If we have SUSY breaking in a stable vacuum, then 〈V 〉 6= 0 but ∂V∂φi = 0 for all φi:
∂V
∂φj
= W †iWij = 0. (5.30)
This can be satisfied in two ways. Either
〈
W †i
〉
= 0 for all i (but then there is no SUSY breaking), or
Wij has a zero eigenvalue in the W
†i direction. But from Eq. (3.38), we see that Wij is the fermion
mass matrix! So there must be a massless mode
η =
1
Ftot
W †iχi, (5.31)
27Since this is a renormalizable theory, the supertrace sum rule of Eq. (5.11) indeed holds.
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namely the goldstino. Here, Ftot ≡ 〈V 〉1/2. This logic is easily extended beyond Eq. (5.29) to arbitrary
(perturbative) SUSY-breaking theories, and the expression with a non-trivial Ka¨hler metric and gauge
kinetic terms is
η =
1
Ftot
(
F iχi +
1√
2
Daλ
a
)
, (5.32)
where F i = −gi¯W †¯ , Da = −(KiTaφi), and λa are the gauginos. Now Ftot includes the contribution
from both F -terms and D-terms. We will encounter an even slicker way to see the goldstino in the
next subsection.
Thus, the presence of a massless goldstino is guaranteed for global SUSY breaking in flat space.
In Sec. 5.11, we will discuss that in SUGRA, the goldstino (from broken AdS4 SUSY) is eaten to form
the longitudinal component of the gravitino (the superpartner of the graviton).
5.8 Supertrick #4: Non-linear Goldstino Multiplet
Our last super-trick is aimed at understanding the properties and interactions of the goldstino. As
inspiration for this super-trick, consider the analogy of a Higgs doublet breaking a global SU(2)
symmetry. The Higgs boson gets a vev
〈h〉 =
(
0
v
)
. (5.33)
Because of this spontaneous symmetry breaking, there must be Goldstone bosons, and we can identify
them by performing the broken SU(2) symmetry on the vacuum:
hNL = U
(
0
v
)
, U ≡ eipiaTa/v. (5.34)
hNL furnishes a non-linear representation of the SU(2) global symmetry, and we can recover the effective
chiral Lagrangian by writing down the most generic interactions of hNL (or U). The advantage of using
this non-linear realization is that we can ignore the massive physical Higgs modes. Indeed, we can use
hNL even if SU(2)-breaking is triggered not by a perturbative Higgs doublet but by nonperturbative
strong dynamics.
The same can be done for spontaneous SUSY breaking [56–58]. Consider one multiplet that gets
a non-zero F component to break SUSY,
〈X〉 = θ2F. (5.35)
In general, X will have a scalar component, but if SUSY is broken, we expect this state to be heavy
whereas the goldstino is massless. To identify the goldstino direction, we can perform the broken
SUSY transformation on the vacuum via
θα → θα + ηα, (5.36)
yµ → yµ + 2iησµθ, (5.37)
where η = η(x) is the (unnormalized) goldstino. If we treat F as a non-dynamical constant in space-
time[17], the second line is irrelevant. Normalizing the goldstino via η → η/√2F , we have the following
non-linear representation of SUSY:
XNL =
(
θ +
η√
2F
)2
F
=
η2
2F
+
√
2θη + θ2F.
(5.38)
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In Sec. 5.9, we will couple XNL to visible sector fields, treating F as a constant background field to
derive soft mass terms and goldstino couplings. Even if there are multiple non-zero F -terms and D-
terms in the hidden sector, the goldstino mode can be described by a single XNL, since any non-zero
F -term (or D-term) can be captured by multiplying XNL (or X
†
NLXNL) by an overall constant.
An alternative interpretation of Eq. (5.38) is as a constrained superfield satisfying X2NL = 0 (the
analog of U†U = 1 in the chiral Lagrangian) [58]. Here, F is not a constant background and must
be solved for dynamically. Neglecting terms with additional derivatives, the unique lagrangian we can
write for XNL is
LNL =
∫
d4θX†NLXNL +
∫
d2θ fXNL + h.c. (5.39)
=
η2
2F †
 η
2
2F
+ iησµ∂µη + F
†F + fF + F †f∗. (5.40)
Solving for the F equation of motion is more complicated because of the first term, but doing so
would recover terms with eight goldstinos and four derivatives that are present in the Akulov-Volkov
lagrangian [59]. It is consistent to neglect those terms however, since terms that we have already
neglected involving DαXNL and ∂µXNL would play a role at that order. Using the equation of
motion F = −f∗, the goldstino lagrangian is
LNL = η
2
2f†
 η
2
2f
+ iησµ∂µη − |f |2 + . . . (5.41)
This represents a massless goldstino with vacuum energy 〈V 〉 = |f |2 and goldstino decay constant f .
One can think of this as the low energy effective lagrangian one obtains after integrating out all of the
(heavy) dynamics of the SUSY-breaking sector.
Using the non-linear goldstino multiplet to describe broken SUSY at low energies has a number
of advantages. The main advantage is that one does not have to worry about the (usually irrelevant)
details of how one actually breaks SUSY in the hidden sector. Whether SUSY is broken by one field
or many, there is only one true goldstino, and its physical modes are completely contained in XNL.
We can also ignore the details of how the sgoldstino (scalar partner of the goldstino) is stabilized.
There is an important distinction between treating XNL as a constrained superfield X
2
NL = 0
versus as an expansion around a constant θ2F . With constrained superfields, we are guaranteed that
the vacuum energy will be correlated with the goldstino decay constant (as necessitated by the SUSY
algebra), whereas with fixed F , this is not the case. On the other hand, if we treat F as fixed, then
we can write down direct couplings between the hidden and visible sectors without worrying about
the vacuum changing. In particular, we saw in Sec. 5.5 that F -terms can shift and restore SUSY,
leading to pathologies in the constrained superfield formalism. For this reason, we prefer to treat F
as non-dynamical in XNL.
5.9 Goldstino Couplings to Matter
We now use the super-trick of non-linear goldstinos to understand the leading interactions between
the hidden sector and the visible sector in the standard SUSY-breaking paradigm. As we mentioned,
there is very little hope to directly see states in the hidden sector, apart from their impact on soft
terms for the visible sector. The one exception is the goldstino (eaten by the gravitino), which is
generically light. Using our super-trick, we will show that the leading couplings of the goldstino to
visible fields are universal and determined by SUSY-breaking soft terms in the visible sector [60–62].
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Let 〈XNL〉 = θ2Fhid represent SUSY breaking in the hidden sector. Because X2NL = 0 (and
ignoring DαXNL, ∂µXNL terms), the possible interactions between the hidden sector and visible
sector are quite restricted. Note that [XNL] = 1 as for an ordinary chiral multiplet. Consider first the
coupling of XNL to the gauge kinetic term (as anticipated in Sec. 4.6)
L ⊃ −
∫
d2θ
XNL
2Λ
WαWα + h.c. (5.42)
Expanding in components yields various types of terms. The most important terms are
L ⊃ −1
2
mλλλ+
imλ√
2Fhid
λσµνηFµν + h.c. (5.43)
where σµν is defined in Eq. (2.20). The first term is a mass term for the gaugino
mλ ≡ Fhid
Λ
, (5.44)
which clearly breaks SUSY since it splits the gaugino mass from the gauge boson mass. The second
term is a goldstino-gaugino-gauge boson coupling proportional to the gaugino mass mλ. In fact, it is
generically true that the goldstino couples proportional to soft masses (with deviations controlled by
DαXNL, ∂µXNL terms).
There are additional terms in Eq. (5.42) which are important for consistency of the SUSY-breaking
theory. If D in the visible sector gets a non-zero vacuum expectation value, then there are two
additional mass terms
L ⊃ D√
2Λ
ηλ+
D2
8ΛFhid
η2 + h.c. (5.45)
The first term is a mixing term between the goldstino and the gaugino. This arises because the true
goldstino points in the direction of Eq. (5.32), which includes contributions from both the visible sector
and hidden sector. In general, such a mixing term will lift the mass of the goldstino, but because of
the second term, the fermion mass matrix indeed has a zero eigenvalue. This highlights the usefulness
of the non-linear goldstino multiplet, since without the η2 in XNL, the massless goldstino would only
show up after adjusting the vacuum structure of the theory.
We can generalize Eq. (5.42) to account for all possible interactions between visible sector fields
and the hidden sector surrogate XNL. Restricting to terms that are visible sector renormalizable, the
possible terms are28
L ⊃ −
∫
d4θ
m˜2i
F 2
X†NLXNLΦ
†
ie
2V Φi −
(∫
d2θ
mλ
2Fhid
XNLW
αaW aα
+
Ci
Fhid
XNLΦi +
Bij
2Fhid
XNLΦiΦj +
Aijk
6Fhid
XNLΦiΦjΦk + h.c.
)
. (5.46)
This yields the following soft SUSY-breaking terms in the visible sector lagrangian
Lsoft = −m˜2i |φi|2 −
(
mλ
2
λaλa + Ciφi +
Bij
2
φiφj +
Aijk
6
φiφjφk + h.c.
)
, (5.47)
Each of these terms can be interpreted as follows:
28Terms like (XNL + X
†
NL)Φ
†Φ can be removed by a field redefinition Φ → Φ − ΦXNL. When doing that field
redefinition, make sure to remember the Konishi anomaly from Sec. 4.7! This field redefinition yields an asymmetry in
Eq. (5.48) such that there are explicit goldstino couplings to the D-term but not to the F -term.
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• m˜2i gives a mass to the boson (but not the fermion) in a chiral multiplet.
• mλ is a mass term for gauginos.
• Ci is a source term for scalars.
• Bij gives a mass splitting between the scalar and the pseudoscalar in a chiral multiplet.
• Aijk is a (holomorphic) three-point interaction for scalars.
As these soft terms arose by coupling the goldstino multiplet XNL to visible sector fields, each of
these soft terms also has an associated coupling of a single goldstino
Lη = 1
Fhid
η
(
m˜2iψiφ
†
i + Ciψi +Bijψiφj +
Aijk
2
ψiφjφk
+
imλ√
2
σµνλaF aµν +
mλ√
2
λaDa
)
+ h.c.
(5.48)
As anticipated, these goldstino couplings are proportional to soft masses, suppressed by an overall
factor of 1/Fhid. Along with the SUSY interactions, the soft terms and goldstino couplings lead to the
dominant phenomenology of the SUSY SM. In particular, Eq. (5.48) allows sparticles to decay to the
corresponding particle and a goldstino (eaten by the gravitino).
If one chooses to impose a global R-symmetry on the lagrangian (as in Sec. 3.8), using XNL makes
it simple to determine whether the various soft terms contained in Eq. (5.46) respect that R-symmetry.
Clearly, the soft scalar mass terms m˜2i respect any R-symmetry, but the other terms are less certain.
As XNL appears as a linear term in the superpotential (see Eq. (5.39)), it must have R-charge 2. This
implies that the gaugino mass terms mλ violate any R-symmetry; recall that V has R-charge 0, so
Wα has R-charge +1. The A, B, and C terms respect the R-symmetry only if the chiral superfields
they multiply have net vanishing R-charge. In many models, XNL multiplies the same terms that
arise in an R-respecting superpotential (R-charge 2), in which case the resulting soft terms do not
respect the R-symmetry.
There are more exotic ways to couple XNL to matter fields using SUSY-covariant derivatives.
Consider a term in the lagrangian of a non-Abelian gauge field∫
d2θTr(ΦW α)Wα
′, (5.49)
where Φ is a chiral multiplet in the adjoint representation and
Wα
′ = −1
4
D
2
Dα(X
†
NLXNL). (5.50)
Because 〈Wα′〉 = θα|F |2, this term induces a (SUSY-breaking) Dirac mass term between the Weyl
fermion in Φ and the gaugino in W α. Such terms appear in theories of supersoft SUSY breaking
[63, 64]. Note that these Dirac mass terms for gauginos (unlike the Majorana mass terms discussed
above) can respect a global R-symmetry if Φ has vanishing R-charge.
5.10 The Supercurrent
Using the non-linear goldstino multiplet, we found that goldstino couplings were directly related to soft
terms. There is a more formal way of seeing this same effect using conservation of the supercurrent.
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The supercurrent is the Noether current associated with SUSY transformations [65, 66]
jµα = (σ
νσµψi)α∇νφ†i + i(σµψi)αW †i
+
1
2
√
2
(σνσρσµλ
a
)F aνρ +
i√
2
gφ†T aφ(σµλ
a
)α.
(5.51)
Note that the supercurrent has an extra α-index to match the SUSY generator Qα. Conservation of
the supercurrent implies ∂µj
µ
α = 0.
We can isolate the goldstino contribution to the supercurrent via [61, 62]
jµα = j
µ,matter
α − iFtot (σµη¯)α , (5.52)
where Ftot =
√|Fvis|2 + |Fhid|2 also includes any SUSY breaking in the visible sector. Conservation
of the full supercurrent implies
∂µj
µ
α = 0 = ∂µj
µ,matter
α − iFtot (σµ∂µη¯)α . (5.53)
As expected, because SUSY in the visible sector is broken, ∂µj
µ,matter
α 6= 0. If we interpret Eq. (5.53)
as an equation of motion for the goldstino, this implies that in addition to Eq. (5.41), the goldstino
lagrangian must contain
Lη ⊃ − 1
Ftot
η∂µj
µ,matter + h.c. (5.54)
This is called a Goldberger-Treiman relation from the analogous relation for couplings of Goldstone
bosons of spontaneously broken global symmetries to matter currents [67].
For a massless on-shell goldstino
(∂µη)σ
µ = 0, (5.55)
so after integration by parts, the second and fourth terms in Eq. (5.51) are irrelevant for Eq. (5.54),
which reduces to
Lη ⊃ 1
Ftot
η
(
(ψi)φ†i − ψiφ†i −
1√
2
σνρ(σµ∂µλ
a
)F aνρ
+
1√
2
σρλ
a
∂νF aνρ
)
+ h.c.
(5.56)
Using equations of motion for the visible sector fields, we find that the three-point couplings of the
goldstino are proportional to physical mass differences:
L ⊃ m
2
φi −m2ψi
Ftot
ηψiφ†i +
Bij
Ftot
ηχiψj
imλ√
2Ftot
ησµνλaF aµν , (5.57)
where, for simplicity, we have assumed unbroken gauge groups. We see that this result exactly repro-
duces Eq. (5.48) in a non-trivial way. One advantage of the supercurrent method is that it automati-
cally accounts for effects of goldstino mixing terms like Eq. (5.45).
5.11 The Gravitino and AdS SUSY
For the last topic of these lectures, we would like to go beyond global SUSY to talk a bit about
supergravity (SUGRA). We have seen that in global SUSY, SUSY breaking leads to a goldstino. In
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supergravity, the goldstino is eaten by the gravitino to become its longitudinal components, with a
mass given by
m3/2 =
Ftot√
3MPl
, (5.58)
where MPl is the reduced Planck constant. This is sufficiently confusing that we want to explain (in
words) what really happens, though a proof would require a real lecture on SUGRA.
In global SUSY, SUSY breaking implies 〈V 〉 > 0. Because our universe has 〈V 〉 ≈ 0 though,
we cannot understand SUSY breaking using the flat space SUSY algebra alone. Even before talking
about any details of SUGRA, we can see a possible way out if SUSY could be realized in AdS4 space!
AdS space is a solution to Einstein’s equations with negative vacuum energy
ΛAdS = −3 M
2
Pl
λ2AdS
, (5.59)
where λAdS is the AdS curvature. Whenever SUSY is broken, the vacuum energy increases, so if it
were possible to finely balance the AdS curvature against SUSY breaking, we could have zero vacuum
energy with (AdS) SUSY breaking.
Indeed, there does exist a global (a.k.a. rigid) AdS4 SUSY algebra where λAdS is fixed, but
MPl → ∞. At finite MPl (namely SUGRA), space-time is dynamical so the cosmological constant
depends on the vacuum structure of the theory. This happens via the scalar potential (with a trivial
Ka¨hler metric and no gauge interactions, for simplicity)
V ' |F |2 − 3 |W |
2
M2Pl
, (5.60)
where W is the superpotential itself. When SUGRA is unbroken, 〈F 〉 = 0 but the superpotential W
contributes to the cosmological constant, yielding the AdS curvature λAdS = M
2
Pl/|W |. Even with no
SUSY breaking, the gravitino (graviton partner) has a mass parameter29
m3/2 =
|W |
M2Pl
=
1
λAdS
. (5.61)
So m3/2 is not an order parameter for SUSY breaking, rather it measures the curvature of SUSY AdS
space.30
Thus, we can achieve SUSY breaking with zero cosmological constant, if we delicately balance
〈F 〉 6= 0 against the AdS curvature, which from Eq. (5.60) implies
Ftot =
√
3
W
MPl
(zero cosmological constant). (5.62)
Because SUSY is broken, there is a goldstino, but in SUGRA it is eaten to form the longitudinal
components of the gravitino (with the same mass m3/2 as Eq. (5.61)). At zero cosmological constant,
we recover the claimed formula in Eq. (5.58). Crucially, the order parameter for SUSY breaking is F ,
and m3/2 is related to F only by a fine-tuning.
We can therefore picture SUSY breaking in two different ways as shown in Fig. 5.2. We can either
think about flat space SUSY being spontaneously broken to yield V = |Ftot|2, then finely adjusting
〈W 〉 to return to V ' 0. Alternatively, we can think about starting with an AdS4 SUSY algebra that
would yield V = −3M2Pl/λ2AdS, but the vacuum spontaneously breaks SUSY to yield V ' 0.
29Despite having a mass parameter, it only has two physical polarizations, a consequence of the AdS4 little group.
30Note that m3/2 is an order parameter for R-symmetry breaking, since the gravitino has non-vanishing R-charge.
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V = 0
+ |Ftot|2 − 3
|W |2
M2Pl
V = −3M
2
Pl
λ2AdS
+ |Ftot|2
Figure 5.2. Two ways to think about achieving SUSY breaking with V ' 0. The second picture makes clear
the underlying AdS4 algebra.
We prefer to think in terms of uplifting AdS4 space, because it clarifies certain SUGRA effects
that would seem mysterious in flat space. Unlike in flat space, {Qα, Qβ} 6= 0 in AdS space. In a
pseudo-flat space language, the AdS4 SUSY algebra is given by [68–72]
{Qα, Qβ˙} = −2σµαβ˙Pµ, (5.63)
{Qα, Qβ} = −2iλ−1AdS(σµν)αβMµν , (5.64)
where Mµν still satisfy the algebra of the (flat space) Lorentz generators in Eqs. (2.66) and (2.67).
31
Because we are actually in AdS space, the “translation” generators Pµ are modified
[Pµ, Pν ] = −iλ−2AdSMµν , (5.65)
[Qα, Pµ] =
1
2
λ−1AdSσ
µ
αα˙Q
α˙
. (5.66)
All other commutators are the same as in flat space. Because AdS SUSY has a different algebra than
flat space SUSY, there are correspondingly different properties, a few of which we will mention here:
• In global AdS SUSY, bosons and fermions in the same multiplet can be split by an amount
proportional to λ−1AdS! This happens already at tree level, giving rise to a µ/Bµ problem in
theories where m3/2 is large [37].
• Global AdS SUSY has a boundary, and in order to maintain SUSY in AdS, certain loop effects
on the boundary must be compensated by counterterms in the bulk [73]. This has an impact in
SUGRA, because once SUSY is broken and AdS is uplifted to flat space, the bulk counterterms
remain, giving soft masses without SUSY breaking. This contributes to an effect known as
anomaly mediation [21, 37, 38].
• When global AdS SUSY is broken, the goldstino is not massless as it is in flat space. Rather,
conservation of the AdS supercurrent implies that the goldstino has a mass of 2λ−1AdS (note
31One should regard these indices as local Lorentz indices, and the vielbein must be used to convert to the more
typical Einstein indices of AdS space.
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the factor of 2!) [17, 71, 74]. If SUSY is broken by N independent sectors, then there is a
corresponding multiplicity of N “goldstini” [17]. One linear combination of these is eaten by the
gravitino of m3/2, and the other N − 1 pseudo-goldstinos get a mass of 2m3/2 at tree level.
Clearly, the structure of SUGRA and AdS4 SUSY is quite rich, but beyond the level of these lectures.
6 Summary
We hope you have found these TASI lectures notes useful, regardless of your previous background in
SUSY. For the complete neophyte, we have outlined the basic structure and motivation for SUSY:
• SUSY is a symmetry that relates the properties of bosons and fermions. Specially, SUSY estab-
lishes relationships between masses and couplings in the lagrangian.
• Chiral multiplets package a spin-0 complex scalar with a spin-1/2 Weyl fermion.
• Vector multiplets package a spin-1 gauge boson with a spin-1/2 gaugino fermion.
• In order to be realized in nature, SUSY must be spontaneously broken in a hidden sector, leading
to mass splittings between particles and sparticles in the visible sector.
For the serious SUSY student, we have presented the following tools for constructing SUSY lagrangians:
• One can conveniently package SUSY components into a superfield S(xµ, θα, θα˙) that lives in
superspace.
• Superspace consists of the ordinary space-time coordinate xµ augmented by a Grassmann coor-
dinate θα (and its complex conjugate θ
α˙
) with the following transformation properties
θα → θα + α, (6.1)
θ
α˙ → θα˙ + α˙, (6.2)
xµ → xµ + iσµθ + i¯σµθ. (6.3)
• A generic SUSY lagrangian of chiral and vector multiplets can be written as
L =
∫
d4θK(Φ†ı¯eV ,Φj)
+
∫
d2θW (Φi) + h.c.
+
∫
d2θ fab(Φ
i)W αaW bα + h.c.
+Dα, ∂µ terms.
(6.4)
While the leading effects can be captured by the Ka¨hler potential K, superpotential W , and
gauge kinetic function fab, woe unto the student who forgets the possible presence of ∂µ, Dα, Dα˙
terms in an effective SUSY lagrangian.
• SUSY breaking (in flat space) inevitably leads to a massless fermion called the goldstino.
Crucially, SUSY-breaking mass splittings are always accompanied by corresponding goldstino-
particle-sparticle couplings.
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And for the SUSY experts, we hope that you use are able to use these super-tricks in your own
research:
• SUSY-covariant derivatives, for constructing new superfields out of old superfields and simplify-
ing the construction of SUSY lagrangians.
• Equations of motion in superspace, for finding the vacuum structure of the theory and integrating
out heavy (SUSY-preserving) thresholds at tree-level.
• Background field methods, for analytically continuing static background fields to full superfields,
thereby capturing important one-loop (and sometimes two-loop) effects.
• Non-linear multiplets for goldstinos, for abstracting the important features of the hidden sector
and relating SUSY-breaking mass-splittings to their corresponding goldstino couplings.
To fully understand the implications of SUSY and SUSY-breaking, one needs to learn about SUGRA
(unfortunately not covered in depth in these lectures). We recommend the conformal compensator
formalism of SUGRA [75–77], which makes it possible to capture the leading effects of SUGRA in
global superspace [22]. At minimum, you should be aware that if SUSY is realized in nature, then it
must be SUSY in AdS4 space, spontaneously broken to yield the (nearly) flat space SUSY-breaking
vacuum we see today.
By design, these lectures have only briefly mentioned the phenomenological consequences of SUSY,
since these were covered in depth in other TASI lectures. That said, it is no secret that recent analyses
of 7 TeV and 8 TeV LHC data have placed stringent bounds on TeV-scale SUSY, so it is worth talking
about the status of SUSY in 2012.
• First, symmetries are a powerful tool for understanding the behavior of quantum field theories,
and finding genuinely new types of symmetries like SUSY is rare. Even if SUSY is not realized
in nature, SUSY allows us to better understand the generic features of quantum field theory, as
evidenced in these lectures by the power of SUSY background field methods.
• Second, by learning about superspace, one learns how to make symmetries manifest by intro-
ducing new “fake” coordinates. An excellent recent example of this is explained in Sundrum’s
notes on the AdS/CFT correspondence [78], where an extra spatial dimension “emerges” from
trying to make conformal symmetries manifest. It is always valuable to stretch one’s notion
of space-time, and superspace in particular offers a new way to think about the relationship
between bosons and fermions.
• Third, SUSY is by now the lingua franca for physics beyond the SM, and even non-SUSY
extensions of the SM often share phenomenology features with SUSY. As with the language of
QCD (confinement, asymptotic freedom, chiral symmetry breaking, and so on), the language of
SUSY allows one to quickly explain the features of many quantum field theories.
• Finally, it is not at all clear (as of 2012) whether SUSY is really as tightly constrained as one
might naively expect. The canonical flavor-blind SUSY theories with low fine-tuning of the
Higgs potential are strongly disfavored, but more exotic (and some might say more generic)
SUSY theories with novel flavor structures or some degree of fine-tuning are only starting to be
tested. Therefore, some of the pessimism surrounding SUSY is surely misplaced, and we prefer
to remain optimistic that hints of a SUSY-like theory will emerge in the 14 TeV LHC data (or
elsewhere).
With that, we would like to thank all of the participants at TASI 2012 for a fun week!
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